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Coupling with a narrow-band-gap semiconductor
for the enhancement of visible-light

13944 photocatalytic activity: preparation of
Bi»,O,Ss_,/NbgO17 and application to the
degradation of methyl orange+
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A series of 2D sheet Bi»O,Ss_,/NbgO17 (Bi/Nb) heterostructure photocatalysts were synthesized through a

facile hydrothermal vulcanization method between Bi** exchanged K4NbgO;; and thiourea (NH,CSNH,).

XRD results confirm that the heterostructures were composed of Bi,O,Ss_, and NbgO;7. HRTEM indicates

that Bi,O,Ss_, was successfully intercalated into layers of K4NbgO;7. Such large interfacial contacts can be

beneficial to the transfer and separation of photogenerated charge carriers. Thus the composites exhibit

good photocatalytic performance for the degradation of methyl orange (MO) under visible light irradiation
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Introduction

Photocatalysis, as a “green” and energy saving method to com-
pletely eliminate environmental pollutants, has aroused tre-
mendous interest."™ In this field, a fundamental issue is the
construction of highly efficient photocatalysts. Semiconductor
hetero-structures with staggered alignment band gaps can not
only improve the separation of photogenerated charge carriers,
but also widen the light absorption when a narrow band gap
component is used.”® Thus these heterostructured semi-
conductors usually show more preferable photocatalytic
performance, and are considered as highly efficient photo-
catalysts, especially heterostructures with a layered structure.
Two-dimensional (2D) layered materials have attracted con-
siderable attention because of their high specific surface area,
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(4> 400 nm), which is superior to that of both precursors, pure Bi,Sz and K4NbgO;7. Radical capture tests
reveal that photogenerated holes h* and O, play important roles in the photodegradation of MO. And
based on the UV-visible diffuse reflectance spectra (DRS) and the band gap of the semiconductors, the
mechanism of the enhanced visible light photocatalytic activity of these composites has been proposed.

short charge transport distance and tunable hybrid properties
from mediating the composition of the hosts and the inter-
calated guests.”® They can be used as a nano-reactor and
support, which limits the growth and combination of semi-
conductors in the inter-layers, thus fabricating more favorable
heterostructures owing to the relatively large interfacial
contact.

Based on the above mentioned points, K,;NbgO;; has
attracted our attention for its good photocatalytic applications
in water splitting’* and the degradation of pollutants.”° It is
well known that K,NbsO,; possesses a unique layered structure
with two distinct interlayer spaces of hydrated K' and un-
hydrated K* ions.>"** The hydrated K" ions can be exchanged
with various metal ions, organic molecules and metal com-
plexes. A series of intercalation composites, such as noble
metal nanoparticles,”> transition metal sulfides (Cds,"
Cu,S,"” Pbs'®), halogen/AgX,'*>' organic dyes,>** metallo-
porphyrins®> and metal-poly (pyridyl) chelates,*® intercalated
into K;NbgO;, have been synthesized, which indicates that
K4NbsO;5 is a good support for its cation-exchange and swell-
ing properties. However, to date the intercalation of some
layered structures into the interlayers of K;NbsO;; to form a
2D sheet composite has been largely unexplored.

Bismuth(u)-based semiconductors, such as BiOX (X = Cl,
Br and 1),>” Bi,WO,,”**° Bi,M00s,*°*® BiVO, *” and Bi,O;_,S,
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Scheme 1 Schematic view of the preparation procedure of hetero-
structure Bi/Nb composites.
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(x = 0-3),*® recently have been demonstrated to exhibit
excellent photocatalytic performance. These compounds
usually possess a layered structure, and can be regarded as a
composition of a cationic [Bi,0,>"] layer and different
anions.*® By controlling the species and the amounts of
anions, the band gaps of these bismuth(m)-based semi-
conductors can be adjusted over a large range. For example,
nanosized Bi,O; possesses a large band gap, E, = 2.8 eV, while
Bi,S; has a smaller band gap of 1.3 eV. By controlling the
amounts of oxygen and sulfur in Bi,0;_,S, (x = 0-3), a series of
[Bi,0,>*]-containing compounds, such as Bi,0,S and Bi;0,4S;,
can be formed band gaps ranging from 1.3 evV-2.8 eV.*
However, compared to Bi,O; and Bi,S;, [Bi,0,>]-containing
Bi,0;_,S, has been seldom explored.

Herein, we used propylamine intercalated Pr-NH;'-NbgO;
as a precursor and through Bi*" exchange, controlled hydro-
lysis and vulcanization, a series of 2D sheet composite photo-
catalysts, Bi,O0,S;_,/NbsO,7, have been synthesized using a
facile hydrothermal reaction between Bi** exchanged
K,;NbsO;; and thiourea (NH,CSNH,), as illustrated in
Scheme 1. With an increase in the thiourea added, the visible
light absorption of the hybrid composites is improved gradu-
ally. Photocatalytic experiments reveal that the BiO,S;_,/
Nb¢O;, composites show good photocatalytic performance for
the degradation of methyl orange (MO) under visible light
irradiation (1 > 400 nm). When 0.1 g of thiourea (NH,CSNH,)
was added, the sample Bi/Nb-0.1 g exhibited the highest
photocatalytic performance. 50 ml of 20 ppm methyl orange,
MO, can be almost completely photodegraded (50 mg of
photocatalyst) in 30 min under visible light irradiation, which
is more efficient than both precursors, Bi,S; and K4;NbgO;-.

Experimental

Materials

Niobium pentoxide (Nb,Os), potassium hydroxide (KOH),
propylamine (CH;CH,CH,NH,), bismuth nitrate pentahydrate
(Bi(NO3);-5H,0), thiourea (NH,CSNH,), and nitric acid (HNO3)
were purchased from Aladdin Chemical Reagent Co., Ltd and
were used as received without any further purification.
Distilled water was also used in all experiments.

Preparation of K,NbsO;,

2 g of Nb,O5; powder was dispersed in 70 ml of 1 mol L' KOH
solution under vigorous stirring. Then the white suspension was
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put into a 100 mL Teflon-lined stainless autoclave and heated at
200 °C for 48 h. The product was separated using filtration,
washed with distilled water and ethanol, and dried at 80 °C. And
then 2 g of K4;NbsO;; powder was added into 80 mL of 2 mol
L™" HCI solution, and stirred at 65 °C for 12 hours. The H"
exchange product was collected using filtration, washed with dis-
tilled water, and ethanol, and dried at 85 °C under vacuum.
Propylamine intercalated Pr-NH;'-NbsO;; was synthesized via
the reaction of the above H'-NbsO,, with a 50% volume ratio of
propylamine in aqueous solution and stirred at 45 °C for 3 days.
After that period, the sample was centrifuged, washed and
dried. This material was designated as Pr-NH;"-NbgO;-.

Preparation of the photocatalyst

0.5 g of Pr-NH;"-NbsO;, was stirred with 30 ml of 1 mol L™*
Bi(NOj3);-5H,0 solution at ambient temperature for 24 h. After
centrifugation, the Bi®* exchanged product was dissolved in
50 mL of distilled water. Then, a specific amount of thiourea
was added to the above solution. The pH of the mixed solution
was adjusted to 7 with KOH solution. The composite
Bi,0,S;_,/NbsO;, (detonated as Bi/Nb) was prepared through
the hydrothermal reaction of the above solution at 180 °C for
24 h. The product was washed with water and ethanol 3 times
and dried at 60 °C for 12 h. A series of Bi,O,S;_,/NbgO,; com-
posites were prepared, and the final products were named
Bi/Nb-0 g, Bi/Nb-0.02 g, Bi/Nb-0.05 g, Bi/Nb-0.1 g and Bi/Nb-0.3 g,
respectively (0 g to 0.3 g indicates the mass of thiourea added).
The pure Bi,S; photocatalyst was obtained under the same
conditions without the Bi** exchanged product.

Characterization

X-ray diffraction (XRD) data of samples were acquired on a
Bruker AXS D8 Focus with filtered Cu-Ka radiation (4 =
1.54056 A). A JEOL JSM 4800F SEM coupled with an energy-dis-
persive X-ray (EDX) spectrometer was used to characterize the
sample morphology. UV-vis diffuse reflectance spectra (DRS)
of the samples were collected with a UV-2600 UV-Vis spectro-
photometer (Shimadzu), with BaSO, used as the reference and
with an integrating sphere. High-resolution TEM (trans-
mission electron microscopy) images were obtained using an
FEI Tecnai G2 operated at 200 kV. XPS was carried out on an
ESCALABMKII spectrometer with an Al-Ka (1486.6 eV) achro-
matic X-ray source.

Photocatalytic activity

The photocatalytic activities of the as-prepared samples were
evaluated through the degradation of methyl orange (MO)
solution using a 300 W Xe lamp as the light source with a
400 nm cut-off filter, and a self-made glass vessel with a water-
cooling jacket as a reactor. The distance between the
irradiation light source and the mixture solution was 15 cm.
Prior to irradiation, a suspension solution containing 50 mg of
photocatalyst and 50 mL of MO solution (20 ppm, pH = 2) was
stirred in the dark for an hour to ensure that adsorption-
desorption equilibrium between the organic molecules and the
catalyst surface was reached. 2.0 mL of the reaction solution
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was taken at given time intervals, centrifuged, and examined
using a XinMao UV-vis spectrometer UV-7502 at a maximum
absorption wavelength of 506 nm.

Photoelectrochemical measurements

The variations in the photoinduced current density with time
(-t curve) of the prepared photoelectrodes were measured with
a CHI Electrochemical Workstation (CHI 660E, Shanghai
Chenhua, China). The photoelectrodes (1 x 1 cm?), Hg/Hg,Cl,,
and platinum foil were used as the working, reference and
counter electrodes, respectively. ITO (indium tin oxide)-coated
glass, as the working electrode, was ultrasonically cleaned in
deionized water and acetone successively. The photocatalyst
powder was dispersed in alcohol solution (10 mg mL™") to
produce slurry. And then the slurry was coated on the conduc-
tive surface of the ITO glass and dried in air at 60 °C. The
photoelectrochemical measurements were conducted in 0.5 M
Na,S0,. The i-t curves were measured at a —0.6 V bias poten-
tial. A 300 W Xe illuminator (Peking Ceaulight, CEL-HXF300)
with a 400 nm UV-IR cut-off filter was used as the visible light
source. The electrodes were irradiated from the back side
(ITO substrate/semiconductor interface).

Results and discussion

XRD analysis

The XRD patterns of Bi,S;, the Bi/Nb hybrid composites and
K4NbgO;, are shown in Fig. 1. The diffraction peaks at 23.00°,
27.58°, 31.551° and 46.20° can be assigned to K,NbsO;; with
the standard PDF card (JCPDS 53-0780). This means that
K4;NbgO;; has been successfully synthesized. With the
exchange of propylamine and Bi*", the diffraction peaks from
Pr-NH;-NbeO;; and Bi’*-NbsO;; show shifts obviously,

" Biy0,S3.«

_A__ . Bi/ND-0.02¢
ot \ Bi/Nb-0g

I 1 N | .B_:ZP:’ 1
Pr-NH,"-Nb O |

-~ Bi/Nb-0.3g
=

« i/Nb-
S ,  BiNb-0.1g
~ .

= . Bi/Nb-0.05¢
: S|
P]

—

=

=

4 17

20 30 40 50 60
2 Theta(degree)

Fig.1 XRD patterns of the Bi/Nb composites, Bi,Ss;, Bi,Os and
K4Nb5017.
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indicating the successful intercalation of propylamine and
Bi**. When thiourea is not added, the hydrothermal product
Bi/Nb-0 g exhibits a new diffraction peak at 29.30°, which can
be attributed to Bi,O3 (JCPDS 65-3319). The peak from Bi,O;
in Bi/Nb-0 g shows a little shift compared to JCPDS 65-3319,
which might be caused by the interaction of Bi,O; and NbgO;
layers. With an increase in the thiourea added, the main diffr-
action peak of Bi,O; (29.38°) was gradually shifted to Bi,S;
(28.60°), which means that a solid solution Bi,0,S;_, has been
formed. When 0.3 g of thiourea was added, the characteristic
peaks at 28.60° and 24.93° could be attributed to Bi,S;
(JCPDS 17-0320), indicating the formation of a Bi,S3/NbsO;;
composite.

SEM and TEM analysis

The morphology and microstructure of the Bi/Nb composites
were further characterized using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). As shown
in Fig. 2a, the large thin sheets with a size of about
200-400 nm can be assigned to NbsO;. In the interlayer space
of NbgO;;, Bi,0,S;_, nanosheets with sizes ranging from
150 nm to 200 nm were obviously observed, which indicates
the combination of Bi,0,S;_, and NbgO;, to form a 2D sheet
composite. Such large interfacial contacts might be beneficial
for the transfer and the separation of photogenerated charge
carriers. Fig. 2b presents a HRTEM image of Bi/Nb-0.1 g. The
clear lattice diffraction fringes with lattice plane distances of
0.31 nm can be assigned to Bi,O,S;_,. This value is between
0.31180 nm (the interval of the Bi,S; 211 lattice plane) and
0.30369 nm (the interval of the Bi,O; 111 lattice plane), which
further indicates the formation of a solid solution of
Bi,O,S;_,. This result was consistent with the results from
XRD. Although Bi,S; and Bi,O; have similar chemical compo-
sitions, identical chemical states and anions possessing an
approximately similar radius and electronegativity, reporting
of this solid solution Bi,0,S;_, is scarce. Fig. 2c-f show the
SEM elemental mapping of Bi/Nb-0.1 g. The Nb, S, and Bi
elements were homogeneously distributed over the whole com-
posite, indicating the combination of Bi,0,S;_, and NbgsO;5.
Fig. 2g shows the energy-dispersive X-ray (EDX) spectrum of
Bi/Nb-0.1 g. The atom percentages of elements reveal that the
ratio of Bi and S was about 1/1. Therefore, the chemical
formula of Bi,0,S;_, in Bi/Nb-0.1 g can be assigned as Bi,OS,.
In addition, the TEM of Bi/Nb-0.3 g is shown in Fig. S3.f Some
Bi,S; nanorods co-existed with the Bi,S;/NbsO;; composite,
which indicates the dissolution of Bi ions as more thiourea
was added. That might be related to the photocatalytic
performance decrease for Bi/Nb-0.3 g.

XPS analysis

XPS was employed to investigate the surface composition and
chemical state of the Bi/Nb composite. The characteristic
peaks at about 532 eV, 440 eV, 205 eV and 160 eV can be
assigned to O 1s, Bi 4d, Nb 3d, Bi 4f and S 2p respectively, indi-
cating the presence of Bi, Nb, O, and S elements in Bi/Nb-0.1 g
(Fig. 3a). A typical high-resolution XPS spectrum of Bi 4f and

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) TEM and (b) HRTEM images of Bi/Nb-0.1 g; (c) SEM elemental
mapping of the (d) Nb element, (e) S element and (f) Bi element; and (g)
the energy-dispersive X-ray (EDX) spectrum — the Si and Al peaks orig-
inate from the substrate, and the K peak is from the unhydrated K* ions
which cannot be exchanged.

S 2p for Bi/Nb-0.1 g is shown in Fig. 3b. There is partial
overlapping of the peaks of Bi 4f5/2 and S 2p1/2, thus leading
to a broad peak at about 163 eV. This peak can be split
into three peaks. The peak at 164.0 eV can be assigned to
S 2p1/2, which is consistent with that of Bi,S;.>° The peaks at
163.6 eV and 158.8 eV are attributed to Bi 4f5/2 and Bi 4f7/2
from Bi~0.*° In addition, the two peaks at 162.8 eV and 157.6 eV
can be assigned to the binding energies of Bi 4f5/2 and
Bi 4f7/2 from Bi-S."° Binding energies of Nb 3d5/2 and
Nb 3d3/2 were observed at 206.5 eV and 209.3 eV, which indi-
cates Nb in a +5 valence state (Fig. 3c).*' The O 1s peak can
also be split into three peaks at 529.6 eV, 531.5 eV and
532.7 eV (Fig. 3d), which are attributed to O-Bi,*> O-Nb*’ and
O-H," respectively. In a word, the XPS results further confirm
the combination of Bi,O,S;_, and NbsO;, to form a 2D sheet
composite Bi/Nb.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 XPS spectra of the Bi/Nb-0.1 g sample: (a) survey spectrum,
(b) Bi 4f and S 2p, (c) Nb 3d, and (d) O 1s.

Optical properties

Fig. 4 exhibits the UV-visible diffuse reflectance spectra (DRS)
of K,NbsO;5, Bi,S; and the Bi/Nb composites over the range of
200-900 nm. It can be seen that the absorption edge of pure
K4NbsO;; was approximately 340 nm, which is consistent with
the band gap of K,NbgO;; (3.7 eV). As thiourea was not added,
Bi/Nb-0 g shows an obvious red shift in the light adsorption
edge, which might be related to the formation of Bi,O; in the
interlayers of NbsO,,. With an increase in the thiourea added,
the adsorption of the Bi/Nb composites in visible light was
gradually enhanced. As shown in Fig. 4, Bi/Nb-0.1 g shows
remarkable light adsorption in the range of 400-900 nm. This
can be attributed to the narrow band gap and large absorption
coefficient of Bi,OS,. When more thiourea was added, the
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wee Bi/Nb-0.02g
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0.4 -
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Fig. 4 UV-visible diffuse reflectance spectra (DRS) of K4NbgO,7, BiSs
and the Bi/Nb composites.
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light adsorption of the Bi/Nb composites in visible light
changed slowly, which indicated that Bi/Nb-0.1 g and
Bi/Nb-0.3 g possess similar band gaps. As shown in Fig. S4,}
the band gaps of Bi/Nb-0.1 g and Bi/Nb-0.3 g are both about
1.53 eV. The band gap of Bi/Nb-0.3 g is slightly larger than that
of pure Bi,S; (1.38 eV), which might be caused by the size
effect of Bi,S; and the combination with NbgO4-.

Photocatalytic activity measurements

The photocatalytic activities of pure Bi,S; and the Bi/Nb com-
posites were assessed through the photodegradation of MO
under visible light irradiation (1 > 400 nm). As shown in
Fig. 5a, the blank and the control experiments using K,;NbsO;-
as a photocatalyst reveal that MO shows negligible degradation
under visible light irradiation. Bi/Nb-0 g shows slight photo-
catalytic activity. 50 ml of 20 ppm MO can be degraded by
about 5% in 30 min under visible light irradiation, with 50 mg
of photocatalyst used. With an increase in the thiourea added
to the system, the photocatalytic performance of the Bi/Nb
composites is dramatically enhanced. As shown in Fig. 5a,
about 55.8% of the MO was photodegraded using Bi/Nb-0.05 g
as the photocatalyst, which can be compared with that by pure
Bi,S; (55%). Bi/Nb-0.1 g exhibits the best photocatalytic
performance, and can degrade 99.8% of MO under the same
conditions. That is obviously superior to both the precursors,
K,;NbgO,; and pure Bi,S;. As shown in Fig. 5b, the character-
istic absorption peak of MO at 506 nm is rapidly reduced. After
irradiation under visible light for about 30 min, MO was com-
pletely degraded. When Bi/Nb-0.3 g acted as catalyst, the degra-
dation efficiency of MO was clearly decreased. That might be
related to the composition of Bi/Nb-0.3 g. As the results
of XRD and SEM indicate, Bi/Nb-0.3 g is composed of
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Fig. 5 (a) Photocatalytic degradation curves of different catalysts.
(b) UV-Vis spectral changes during the photodegradation of MO mediated
by Bi/Nb-0.1 g under visible light irradiation. (c) Ln(Co/C) versus time
curves for MO degradation. (d) Recycling tests on the Bi/Nb-0.1 g
sample for the degradation of MO under visible-light irradiation.
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Bi,S3/NbsO;; composite and Bi,S; nanorods. With the dis-
solution of Bi** and the formation of impurities of Bi,S; nano-
rods in the Bi/Nb-0.3 g system, the efficient 2D sheet
composite heterostructure is reduced or destroyed. Therefore,
the photocatalytic activity is decreased compared to
Bi/Nb-0.1 g. These results can be further confirmed using the
reaction rate constant k. According to pseudo-first-order kine-
tics, In(Cy/C) = kt, the slope k is the apparent reaction rate con-
stant. As shown in Fig. 5¢, the apparent reaction rate constants
k are 0.00125 min~', 0.00438 min~', 0.0244 min~’,
0.0263 min~', 0.157 min~" and 0.0464 min~" for Bi/Nb-0 g and
0.02 g, pure Bi,S;, and Bi/Nb-0.05 g, 0.1 g and 0.3 g, respect-
ively. It can be found that k for Bi/Nb-0.1 g is about 6.4 times
and 3.4 times that for pure Bi,S; and Bi/Nb-0.3 g. In order to
investigate the stability and reusability of the -catalysts,
recycling experiments for Bi/Nb-0.1 g for the degradation of
MO under visible light irradiation have been conducted. As
shown in Fig. 5d, Bi/Nb-0.1 g does not show a significant loss
in activity over three cycles. The MO degradation percentages
are 99.8%, 95%, and 91%, for the first, second, and third runs
respectively, which indicates that Bi/Nb-0.1 g possesses good
photostability. The slight reduction in MO degradation percen-
tages over different runs might come from a loss in catalyst in
the process of recycling.

Photocurrent response and photocatalytic mechanism

In order to verify the enhanced visible light photocatalytic per-
formance and the improvement in charge separation in the
Bi/Nb composites, the transient photocurrent responses of
K4NbgO;7, Bi/Nb-0.1 g and pure Bi,S; have been investigated.
As shown in Fig. 6a, K,NbsO;, shows a negligible photocurrent
response under visible light irradiation. Bi/Nb-0.1 g and pure
Bi,S; have a clear reproducible photocurrent response, when
the light was switched on and off. This means that as
Bi,0,S;_, was intercalated into the layered NbsO,-, the visible
light photocatalytic performance of NbsO;; was largely
improved. The photocurrent density of Bi/Nb-0.1 g,
1.817 x 107" mA em™>, was 1.2 times higher than that of pure
Bi,S; (1.521 x 10~* mA ecm™?), implying that the charge separation
in Bi/Nb-0.1 g was also significantly enhanced compared to that
in pure Bi,S;. These results are consistent with those from the

(a) —1BiySy (b)
e Bi/ND-0.1¢,
K NbgO, 4
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Fig. 6 (a) Photocurrent response tests of K4;NbgO;7, Bi/Nb-0.1 g and
Bi,Ss. (b) Photocatalytic degradation of MO over the Bi/Nb-0.1 g photo-
catalyst alone and with the addition of IPA, TEOA or BQ.
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photocatalytic experiments, which indicates that the construc-
tion of the 2D sheet heterostructure composite Bi/Nb-0.1 g is
an efficient way to enhance visible light photocatalytic
performance and improve the charge separation of photogene-
rated carriers.

To investigate the photodegradation mechanism of Bi/Nb-
0.1 g, different appropriate species scavengers such as tri-
ethanolamine (TEOA),* isopropanol (IPA)*® and benzoqui-
none (BQ)*” were introduced into the MO solution prior to
addition of the catalyst, as scavengers of photogenerated holes
h", "OH and "O,, respectively. The final concentrations of
TEOA, IPA and BQ in the reaction system were 1.0 mmol L7,
10 mmol L™! and 1.0 mmol L™, respectively. The importance
of the reactive species is proportional to the degradation rate
of MO; in other words, compared to the result of the compari-
son experiment with no scavenger, the more the degradation
rate of MO is reduced, the more important the role the reactive
species plays in the reaction. Fig. 6b shows that TEOA and BQ
dramatically suppressed the degradation of MO. However, the
degradation rate of MO shows negligible reduction after the
addition of IPA. The results reveal that photogenerated
holes h" and "0, play important roles in the photo-
degradation of MO.

To further illuminate the photocatalytic mechanism of
Bi/Nb-0.1 g, the valence band (VB) edge and conduction band
(CB) edge positions of Bi,OS, and NbsO,; were calculated
empirically according to the formulas®®

Eyy =X — E° + 0.5E, (1)
E:]B = E;)/B —Eg (2)
E = E° — 0.059pH (3)

where Eyp is the VB edge potential, and X is the electro-
negativity of the semiconductor. The electronegativity of the
semiconductor is determined from the geometric mean of the
electronegativities of the constituent atoms (the electro-
negativity of an atom is the arithmetic mean of the atomic
electron affinity and the first ionization energy). E° is the
energy of free electrons on the hydrogen scale (about 4.5 eV),
and E, is the band gap energy of the semiconductor. The
X values for Bi,OS, and NbgO,, are calculated to be 5.77 and
6.39, and Eyg values for Bi,OS, and NbgO,, were calculated to
be 1.91 V and 3.64 V, respectively. Thus, the conduction bands
(Ecg) of Bi,0S, and NbsO,, were estimated to be 0.38 V and
—0.09 V, respectively. Based on the calculated result above, we
proposed a possible photocatalytic mechanism as illustrated
in Scheme 2. Bi,OS, with a narrow band gap energy (1.53 eV)
can be easily excited by visible light (4 > 400 nm, energy less
than 3.10 eV) and induce the generation of photoelectrons and
holes. Furthermore, electrons in the VB of Bi,OS, could also
be photoexcited up to a higher potential edge (—1.19 V), due to
the higher photon energy (3.10 eV). NbsO;, with a wide band
energy (3.73 eV) cannot be excited by visible light (4 > 400 nm).
Therefore, in the heterostructure of Bi/Nb-0.1 g, the reformed
conduction band (CB) edge potential of Bi,OS, is more active

This journal is © The Royal Society of Chemistry 2016
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Scheme 2 Possible photocatalytic mechanism for the Bi/Nb-0.1 g
composite.

than that of NbgO;; (—0.09 V). The excited electron on the
surface of Bi,OS, can easily transfer to NbsO;-, leaving holes
in the valence band of Bi,0S,. This can be further confirmed
through experiments on the photo-reduction of Pt (Fig. S57).
As shown in Fig. S5a,f after visible light irradiation, Pt nano-
particles were deposited on the NbsO;, sheets, which indicates
the excited electrons were transferred from Bi,OS, to the
NbgO;; sheets. The separated electrons in the conduction
band of NbsO,,; combine with O, to produce radical ‘O,". And
the radical 'O,  and the holes can efficiently degrade the
MO dye molecules. Therefore, the enhanced visible light
photocatalytic performance of this 2D sheet composite
Bi/Nb-0.1 g was observed as a result of the efficient separation
of the photoexcited electrons and holes in the large interfacial
heterostructure.

Conclusions

In summary, a series of 2D sheet Bi,0,S;_,/NbsO,; hetero-
structure photocatalysts were synthesized through a facile hydro-
thermal vulcanization method between Bi** exchanged K,NbsO;-
and thiourea (NH,CSNH,). XRD and TEM results reveal that
Bi,O,S;_, has been successfully intercalated into layers of
K;NbgO,7. The large interfacial contact between the layered
Bi,0,S;_, and K,NbsO,, sheets is beneficial to the transfer and
separation of photogenerated charge carriers. Thus the compo-
site exhibits good photocatalytic performance for the degradation
of methyl orange (MO) wunder visible light irradiation
(4 > 400 nm), which is superior to that of both precursors, pure
Bi,S; and K4;NbgO;7. These 2D sheet composites might be one of
the efficient and promising photocatalysts to be applied to waste-
water purification and environmental remediation.
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