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ABSTRACT

This paper introduces a microwave-assisted synthesis method to prepare hybrid Bi,Se,-GR/TiO, nanocomposites, which exhibit
superior properties over single component materials. The as-prepared composites were characterized by XRD, UV-vis absorbance
spectra, SEM,TEM, EDX, and BET analyses, revealing uniform covering of the graphene nanosheet with Bi,Se, and TiO,
nanocrystals. For visible light photocatalysis of Rh.B, a significant enhancement in the reaction rate was consequently observed

with Bi,Se,-GR/TiO, composites. The degradation rate(k

app

) obtained for sonophotocatalysis was 6.8x 10® min™, roughly 2.2 times

better than that of VL photocatalysis under higher concentrations of Rh.B. The sonophotocatalysis was faster due to greater
formation of reactive radicals as well as an increase of the active surface area of the Bi,Se,-GR/TiO, composites. The high activ-
ity is attributed to the synergetic effects of high charge mobility and red shift of the absorption edge of Bi,Se,-GR/TiO,.
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1. Introduction

T i0, is a widely used photocatalyst due to its good
photocatalytic activity, high chemical stability, inex-
pensiveness, high oxidation capability, and non-toxicity.”
Modifying TiO, photocatalysts to enhance light absorption
and photocatalytic activity under visible light irradiation
has become the main research direction in this areain
recent years. To improve the response of TiO, to visible
light, transition metal” or non-metal atom”® doped TiO, and
metal complex” sensitized TiO, have been developed. An
alternative approach for achieving this objective is to couple
TiO, by using a narrow band gap semiconductor with a
higher conduction band (CB) than that of TiO,. In this sen-
sitized TiO,, charge injection from the CB of a narrow band
gap semiconductor to that of TiO, can lead to efficient and
longer charge separation by minimizing the electron—hole
recombination. Transition metal sulfides are widely used in
the preparation of doping photocatalysts. Several methods
for photosensitization of TiO, by M,S, nano particles for
heterogeneous photocatalysis have been reported,”
including approaches using CdS,*” Bi,S,,” and ZnS.* In this
context, 3d transition metal disulfides have drawn con-
siderable attention because of their technological impor-
tance in catalysis, lubrications, battery fabrication, cathode
materials for high energy density batteries, and other
applications.”'” Bi,Se, has a smaller band gap (0.3 eV)""
than TiO, (3.2eV), thereby making it possible to use Bi,Se,
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as a photosensitizer for TiO, by injecting the conduction
band electrons from Bi,Se, to TiO,.

Since its discovery in 2004, graphene, aflatmono layer of
hexagonally arrayed sp”bonded carbon atoms tightly
packed into at wo-dimensional (2D) honeycomb lattice, has
been the major focus of recentre search due to its outstand-
ing mechanical, electrical, thermal, and optical proper-
ties,"”*'® giving rise to potential applications in many
different areas. Graphene-based composite materials have
attracted much attention as recent studies have shown use-
fulness in electronics, photocatalysis, and photovoltaic
devices.'*'® Graphene is able to enhance charge transport in
a multitude of devices owing to its unique structure: an
abundance of delocalized electrons within its conjugated
sp®-bonded graphitic carbon network enables excellent con-
ductivity. To date, various metals-RGO and metal oxide-
RGO nano composites including RGO combined with palla-
dium, silver, gold, TiO,, and CdSe particles have been
reported.'™2?

Regarding the degradation mechanisms of photocatalysis,
a number of studies have indicated that OH +is formed on
the photocatalyst during the photochemical reactions. A
combination of photocatalytic and ultrasonic irradiation, i.e.
so-called sonophotocatalysis, appears to enhance the degra-
dation ratio of organic pollutants due to increased genera-
tion of OH *. Notably, sonophotocatalysis is reported to have
a positive effect on the degradation ratio of hazardous chem-
ical substances® and water pollutant.?® Among the results
of these studies, ultrasound was shown to have a synergistic
effect on the photode gradation of salicylic acid and formic
acid,?® while the detailed mechanisms have not been clari-
fied yet.
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It is well known that the synthesis of nanomaterials with
uniform size, shape, and high crystallinity is one of the
important challenging problems. There are various kinds of
synthesis methods available for the preparation of nanoma-
terials such as hydrothermal, microwave synthesis, sol-gel,
micro-emulsion, and polyol techniques. As compared to com-
mon methods, the microwave synthesis technique provides
such advantages as a very short reaction time, small parti-
cle size, and narrow particle size distribution, and it is a
high purity method suitable for the preparation of polycrys-
talline products.*¥ Microwave heating is delivered to the
surface of the material by radiant and/or convection heat-
ing, and is transferred to the bulk of the material via con-
duction. The microwave energy is delivered directly to the
material through molecular interactions with the electro-
magnetic field. Heat can be generated through volumetric
heating because microwaves can penetrate the material and
supply energy. %

Upon this background, the aim of this work is to synthe-
size composite sonophotocatalysts via a microwave-assisted
synthesis method and study the degradation of Rh.B by
means of visible light photocatalysis and sonophotocataly-
sis. A particular goal of this study is to develop a suitable
catalyst to obtain the maximal degradation rate of Rh.B dye
compounds from aqueous solutions. The influence of Bi,Se,
and graphene on the structural behavior of the TiO,
samples is studied by SEM, EDX, XRD, BET, TEM, and
UV-vis DRS. The factors contributing to the improved pho-
tocatalytic activity of the Bi,Se,-GR/TiO, composites are
also discussed.

2. Experimental Procedure

2.1. Materials and reagents

Ethylene glycoland anhydrous ethanol were purchased
from Dae Jung Chemical Co. (Korea). Bismuth nitrate
(Bi(NO,), 5H,0 ), selenium (Se) metal powder, and ammo-
nium hydroxide (NH,OH, 28%) were purchased from Dae
Jung Chemicals &Metal Co., Ltd, Korea. Anhydrous puri-
fied sodium sulfite (Na,SO,, 95%) was purchased from Duk-
san Pharmaceutical Co., Ltd, Korea. Titanium (IV) n-but
oxide (TNB, C H,,0,Ti) was purchased from Kanto Chem-
ical Company (TOKYO, Japan) as a titanium source for the
preparation of TiO, and graphene/TiO, composites. Rh.B
(CygH;,CIN,O,, 99.99+%) was used as model pollutant and
purchased from Samchun Pure Chemical Co., Ltd, Korea.
All chemicals were used without further purification and all
experiments were carried out using distilled water.

2.2. Synthesis of Bi,Se-GR/TiO, nano composite sono-
photocatalysts

The direct growth of TiO, precursors on a grapheme

nanosheet and absorbed on them were achieved in previous

research.?® Graphite oxide (GO) was prepared from graphite

according to the Hummers-Offeman method reported in

earlier studies by the author.>*® In a typical synthesis
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procedure, about 300 mg of GO was dispersed in 350 ml of
distilled water and then exfoliated to generate graphene
oxide nanosheets (GONS) by ultra sonication for 1 h using a
digital sonifer.”” TiO, precursors were prepared with molar-
ratios of ethanol : H,O : TNB=35: 15 : 4, and then added to
the above solution and stirred for 6 h at 353 K. The final
products were filtered and washed repeatedly with distilled
water and ethanol and then vacuum dried at 373 K. The
dried catalyst was then ground in a ball mill and calcined at
773 K for 3 h to yield a graphene-TiO, composite.

The Bi,Se,-GR/TiO, nanocomposite was prepared via a
precipitation process using Bi(NO,),-5H,0 and Na,SeSO,
as precursors. First, Na,SO, (5g) and selenium powder
were dissolved in 30 mL of distilled water and refluxed for 1
h to form a Na,SeSO, solution. A defined amount of as-
prepared graphene-TiO, powder and 8 mL of NH,OH were
then dissolved in the above solution. Subsequently, 0.5 Mm
Bi(NO,), - 5H,0 were added and mixed together via stirring
for several minutes and the resultant solution was trans-
ferred into a 120 mL reaction vessel and placed in a
conventional microwave oven (Samsung, RE-406B 700 W).
The solution was then irradiated by microwave at full power
for 10 sec on and 10 sec off for 300 seconds, and cooled at
room temperature and washed several timed with hot water
and transferred into a dry oven. For comparison, pure
TiO,,*” Bi,Se,-TiO,, and GR-TiO,” were prepared with
slight modification to the procedure. The preparation condi-
tions and nomenclatures are listed in Fig. 1 and Table 1.

ethanol: H,O: TNB
=35:15:4

+ As-prepared graphene
l oxide 150mg

‘ ultrasonication, heat ’

treatment at 773K

.

-+ ‘O,SmMBi(NO_;)_;-SH:O ’

‘ GR-TiO, support composite

Microwave-assisted
Synthesis

(H,OH, NaySeSOs X
B [+

Formation of Bi,Se;-GR/TiO, nanocomposites \

Fig. 1. Flow chart of preparation of Bi,Se,-GR/TiO, nanocom-
posites.

Table 1. Nomenclature of the As-prepared Samples

Preparation method Nomenclature

Graphene oxide via Hummers-Offeman method GO
Ethanol: H,0O: TNB + Ultrasonic
GO + Ethanol: H,0: TNB +

Nanoscale TiO,

Ultrasonic + Heat treatment GR-TiO,
Bi(NO,), + 5H,0+Na,SeSO,+ TiO, Bi,Se,-TiO,
Bi(NO,), + SH,0+Na,SeSO,+ Bi Se, GRITIO,

GR-TiO,+ Microwave
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2.3. Characterization of composite sonophotocatalysts

The crystallographic structures of the composite sono-
photocatalysts were obtained by XRD (Shimatz XD-D1,
Japan) at room temperature with Cu Ka radiation A =
0.154056 nm) and a graphite monochromator, operated at
40 KV and 30 mA. UV-vis absorbance spectra were mea-
sured between 300 nm and 800 nm using a UV-vis spectro-
photometer (Neosys-2000). The morphologies of the photo-
catalysts were analyzed at 3.0 keV by a SEM (JSM-5200
JOEL, Japan) equipped with an X-ray analysis (EDX)
energy dispersive analysis system. Transmission electron
microscopy (TEM, JEOL, JEM-2010, Japan) with an accele-
rating voltage of 200 kV was used to examine the size and
distribution of the photocatalysts. The BET surface areas of
the sonophotocatalysts were determined through nitrogen
adsorption at 77 K using a BET analyzer (Monosorb, USA).
All samples were degassed at 623 K before measurement.
The UV-vis spectra for the Rh.B solution degraded by as-
prepared composite sonophotocatalysts under visible light
irradiation were recorded using a UV-Vis (Optizen Pop
Mecasys Co., Ltd., Korea) spectrometer.

2.4. Measurement of sonophotocatalytic activities

Photocatalytic activity of the as-prepared composites
onophotocatalysts was evaluated by the degradation of the
Rh.B solution under irradiation of visible light (35 W,
A > 420 nm). In an ordinary photocatalytic test performed at
room temperature, 0.03 g of the composite sonophotocatalyst
was added to 50 mL of 3.0 X 10° mol/L. Rh.B solution. In
addition, the sonophotocatalytic activities were determined
using Rh.B decomposition in an aqueous solution under vis-
ible light combined with ultrasonic generators (Ultrasonic
Processor VCX 750, Korea) operated at a dixed frequency of
20 kHz and output power of 750 W through manual adjust-
ment. The initial Rh.B concentration was chosen as 2.0 x
10 mol/L. Before turning on the light source, the solution
mixed with the composite was magnetically agitated for 30
mins in the dark, allowing the adsorption/desorption equi-
librium to be reached. The first sample was removed at the
end of the dark adsorption period (just before the light was
turned on), in order to determine the Rh.B concentration in
the solution after dark adsorption, which was hereafter con-
sidered as the initial concentration (C,;). Samples were
then withdrawn regularly from the reactor in the order of
30, 60, 90, and 120 min. The clean transparent solution was
analyzed using a UV-vis spectrophotometer (Optizen POP)
at wavelength from 250 nm to 800 nm.

3. Results and Discussion

3.1. Structural analysis

Fig. 2 shows the X-ray diffraction patterns of the as-pre-
pared pure TiO,, Bi,Se,, GR-TiO,, and Bi,Se,-GR/TiO, com-
posite sonophotocatalysts. According to the results, (101),
(004), (200), (105), (211), and (204) crystalplanes originated
from the anatase TiO, phase (JCPDS file, No. 21-1272),
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Fig. 2. XRD analysis of pure Bi,Se,, TiO,, GR-TiO,, and Bi,
Se,-GR/TiO, composite.

while all of the reflection peaks of the XRD pattern can be
indexed to rhombohedral (hexagonal) Bi,Se, with calcu-
lated lattice parameters of a =4.1716 A and ¢=27.696 A.
These values correspond to published lattice parameters of
a=4.1396 A and ¢=28.636 A (JCPD33-214).>” No reflec-
tion peaks of impurities are observed, indicating high purity
of the products. However, no signal for any other phases
related to GO (001) or graphene (002) can be detected in the
Bi,Se,-GR/TiO, composite. According to Ref. 15, GO can be
reduced to graphene during the reaction and the synthesized
graphene sheets can restack to form poorly ordered graphite
along the stacking direction. Earlier studies have shown that
if the regular stacking of GO or graphite is broken, for
example, by exfoliation, their diffraction peaks may also
become weak or even disappear.®”

3.2. Surface characteristics and elemental analysis

Themorphologies of the prepared TiO,, GR-TiO,, and
Bi,Se,-GR/TiO, composites are shown in Fig. 3. The agglom-
eration size of the synthesized TiO, nanostructures can be
estimated from Fig. 3(a), and it is clear that the nanoparti-
cle shape in all three samples is spherical. The above obser-
vation shows the existence of TiO, embedded graphene
sheets, and this is also revealed in the SEM image in
Fig. 3(b). The graphene in the nanocomposites (GR-TiO,)
also shows a dominant TiO, spherical morphology and par-
ticle size. The prepared Bi,Se,-GR/TiO, composite mean-
while shows a favorable morphology with Bi,Se, and TiO,
particles well-dispersed on a single layered grapheme nano
sheet, but with a slight tendency to agglomerate. The
agglomeration may be due to the very small crystal particle
size, which facilitates agglomeration of particles due to
weak surface forces. EDX was carried out to probe the
composition and element weight percent of the attached
nanoparticles in the Bi,Se,-GR/TiO, composite. The spec-
trum is shown in Fig. 3(d) for pure TiO,, Bi,Se,/TiO,, and
Bi,Se,-GR/TiO, composites. The data obtained from EDX
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Fig. 3. SEM micrographs of as-prepared samples:(a) TiO,, (b) GR-TiO,, (c) Bi,Se,-GR/TiO,, and (d) EDX elemental microanaly-

sis and element weight % of Bi,Se,-GR/TiO, composite.

Table 2. EDX Elemental Microanalysis and BET Surface Areas of As-prepared Samples

Sample name C (%) O (%) Ti (%) Se(%) Bi(%) others BET (m%g)
TiO, - 45.22 54.78 18.95
Bi,Se,-TiO, - 52.12 33.57 484 9.47 25.61
GR-TiO, 20.84 44.11 35.05 59.89
Bi,Se,-GR/TIO, 31.49 34.23 21.73 3.89 7.28 1.38 52.73

analyses of the as-prepared composites are listed in Table 2.
The main elements as presence of strong Ti and O peaks of
4.51 keV, 4.92 keV, and 0.52 keV were observed. Elements
C, Bi, and Sewere also observed and some impure elements
such as Mn, Si, V, Zn, and Cu existed in the Bi,Se.,-GR/TiO,
composites. This indicates that in addition to TiO, particles
Bi,Se, was also present.

TEM images of GR-TiO, and Bi,Se,-GR/TiO, nanocom-
posites with different magnification are presented in Fig. 4.
The composite exhibited a uniform size distribution and the
TiO, particles are cubic-shaped with an average size of 10
nm. The black dots in the Bi,Se,-GR/TiO, matrix are
attributed to the accumulation and high electron density of
Bi,Se, nanoparticles with a size range from15 nm to 20 nm.

The results indicate that the surface of the grapheme nano
sheet was uniformly distributed with Bi,Se, and TiO, parti-
cles in contact with each other.

In order to check the visible photo-response of the pure
TiO,, GR-TiO,, and Bi,Se,-GR/TiO, composites, UV-vis absorp-
tion spectra are presented in Fig. 5. As expected, the spectra
obtained from the pure TiO, and GR-TiO, composites shows
that TiO, mainly absorbs ultraviolet light with absorption
wavelength below 400 nm. Compared with pure TiO,, a
shift of the intense absorbance edge of GR-TiO, and Bi,Se.-
GR/TiO, composites towards the visible light region was
observed and the absorption edge was located at approxi-
mately 738 nm. The absorbance spectra of the as-formed
Bi,Se,-GR/TiO, composite show intense absorption and dis-
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Fig. 4. TEM micrographs of as-prepared composites: (a) GR-
TiO, and (b) Bi,Se,-GR/TiO,.

play a red-shift absorption onset compared with both TiO,
and GR-TiO,.

3.3. Porous structure characteristics

The specific surface areas (BET) of the pure TiO,, Bi,Se./
TiO,, GR-TiO,, and Bi,Se,-GR/Ti0O, composites are listed in
Table 2. The BET value decreased from 59.89 m*/g for GR-
TiO, to 52.73 m*/g for Bi,Se,-GR/TiO0,. It is surmised that
the TiO, and Bi,Se, nanoparticles were introduced into the
pores of the graphene, which decreased the BET surface
area.The GR-TiO, has the largest area, which can affect the
adsorption reaction. The surface area of the Bi,Se,-TiO,
photocatalysts was 25.61 m*/g, which was higher than that
of pure TiO, sample. This might be attributable to the for-
mation of mesopores and macro pores when the Bi,Se,
nanoparticles were distributed on the surface of TiO,.

3.4. Visible light photocatalysis of Rh.B

Fig. 6(a) shows the photocatalytic activity of pure TiO,,
Bi,Se,-TiO,, GR-Ti0O,, and Bi,Se,-GR/TiO, composite photo-
catalysts evaluated by the decomposition of Rh.B solution
under visible light irradiation for 120 min. As shown in
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Fig. 5. UV-vis adsorption spectra of pure TiO,, GR-TiO,,
and Bi,Se,-GR/TiO, composite.
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Fig. 6. (a) Degradation of Rh.B dye (3 x 10°mol/L, 50 mL)
with different samples (0.03 g) and (b) UV/V is spec-
tra of Rh.B concentration against the Bi,Se,-GR/TiO,
composite under visible light for 120 min.

Fig. 6(b), the absorbance values for the Bi,Se,-GR/TiO,
composite decreased with an increase of visible light irradi-
ation time. The Bi,Se,/TiO, composite showed more remarkable
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Fig. 7. Degradation efficiency of Rh.B solution by Bi,Se,-GR/
TiO, composite under irradiation of visible light (VL)
and ultrasonic combined visible light (UL). The con-
centration of organic dyes is 2 X 10°M; the amount of
Bi,Se,-GR/TiO, composite is 0.03 g.

and faster adsorption capacity of Rh.B solution than pris-
tine TiO,. The adsorption effect of GR-TiO, is better than
that of any other samples due to the relatively higher sur-
face area. The photocatalytic degradation of the Rh.B solu-
tion with the Bi,Se,-GR/TiO, composite was better than
that of the other composites: 45.4% of the Rh.B solution
with high concentration was removed after visible light
irradiation for 120 min. As mentioned above with regard to
surface characteristics, the favorable morphology could play
an important role in efficiently shuttling visible light photo-
induced electrons generated from Bi,Se, into the conduction
band of TiO,.*”

3.5. Sonophotocatalysis of Rh.B

It has been suggested that the combination of photocataly-
sis and sonolysis is more effective in dye degradation. Ultra-
sound may promote the rate of photocatalytic degradation
by modifying the deaggregation of the catalyst and thereby
increasing its active surface area. Thus, in order to obtain
the sonophotocatalytic activity for the Bi,Se,-GR/TiO, com-
posite, the concentration was increased to 2 x 10 M. The
sonophotocatalysis results are shown in Fig. 7. The results
show that the Rh.B degradation efficiency of visible light
photocatalysis for 120 min was 37% while that of sonophoto-
catalysis for the same time was 59%. This is due to the pho-
tocatalyst being excited by ultrasound-induced luminescence,
which has a wide wavelength and increased production of
hydroxyl radicals ((OH) in the reaction mixture.*” It is also
observed that the prepared Bi,Se,-GR/TiO, composite has
high degradation activity not only under visible light but
also under ultrasonic. The sonophotocatalysis of Rh.B by
the Bi,Se,-GR/TiO, composite obeys pseudo-first-order
kinetics:

-de/di=k,,c
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Fig. 8. Apparent first-order linear transforms —In(c/c,,,) vs. t
of Rh.B degradation on Bi,Se,-GR/TiO, composite under
visible light (a) and ultrasonic combined visible light
(b) irradiation. The concentration of Rh.B solution is
2% 10 M; the amount of catalyst is 0.03 g.

Integration of the above equation (with the restriction of
c=c,,, at =0, with c_,, being the initial concentration in the
bulk solution after dark adsorption and ¢ the reaction time)
leads to the following expected relation:

-In(clc, ;0= Rt

wherec and c_,, are the reactant concentration at time ¢t = ¢
and ¢ = 0, respectively, and k,,, and ¢ are the apparent reac-
tion rate constant and time, respectively. According to the
equation, a plot of -In(c/c ,,) versus ¢ will yield a slope of &, .
The results are displayed in Fig. 8. The linearity of the plot
suggests that the photo degradation reaction approximately
follows pseudo-first-order kinetics with k,,, of 0.0031 min™"
and 0.0068 min' for VL photocatalysis and sonophotocatal-
ysis, respectively.

3.6. Proposed sonophotocatalysis mechanism

The sonophotocatalytic mechanism of dye degradation is
extremely complicated. It is likely to involve photolysis,
sonolysis, and sonophotocatalysis. In the case of a nanosized
Bi,Se, and TiO, nanocrystal line coupled graphene based
photcatalyst system, coupling of two such semiconductors
has a beneficial role in improving charge separation and
extends TiO, in response to visible light compared with our
previous experiment results.* A mechanism for the degra-
dation of pollutants on a Bi,Se, coupled TiO, catalyst under
visible light irradiation and ultrasonic irradiation is shown
in Fig. 9. During the sonophotocatalysis process, the gener-
ated electrons in Bi,Se, and holes in TiO, migrate to the con-
duction band (CB) of TiO, and the valence band (VB) of
Bi,Se,, respectively. This transfer process is thermo
dynamically favorable due to both the CB and VB of Bi,Se,
lying above that of TiO,. Meanwhile, the generated elec-
trons likely react with dissolved oxygen molecules and pro-
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Sonophotocatalysis

Bi,Se;-GR/TiO,

Fig. 9. Schematic drawing of separation of generated elec-
trons and holes on the interface of Bi,Se,-GR/TiO,
composite under ultrasonic irradiation.

duce oxygen peroxide radical O, ", and the positive charged
hole (h*) may react with the OH" derived from H,O to form
the hydroxyl radical OH'. The reactions can be expressed as
follows:

Bi,Se,+ hv — Bi,Se, (¢) + Bi,Se, (h") 1)
TiO, + hv — TiO,(e) + TiO,(h") (2)
Graphene + hv — Graphene(e’) 3)
TiO,(e") + Graphene — Graphene(e) + TiO, 4)
Bi,Se, () + O,— Bi,Se, + O, (5)
TiO,(e) + O,— TiO, + O, (6)
Graphene(e’) + O, — Graphene + O, 7
Bi,Se, (h*) + H,0 — Bi,Se, + OH" + H" (8)
TiO,") + H,0 — TiO, + OH" + H' 9)

4. Conclusions

In this study, we present the preparation and characteri-
zation of a Bi,Se,-GR/TiO, nanocomposite via a facile micro-
wave-assisted synthesis method. A typical anatase TiO,
structure and a hexagonal Bi,Se, structure can be observed
in the XRD patterns. From the SEM morphology, for the
Bi,Se,-GR/TiO, sample, graphene flakes are readily observed
and they are decorated with uniform Bi,Se, particles and
TiO, particles. The Bi,Se,-GR/TiO, nano composites show
an intense absorption and have a red-shift absorption onset
compared with both TiO, and Bi,Se,/TiO,. According to the
excellent dye degradation results, the decrease in the Rh.B
concentration can be ascribed to the two kinds of effects
between visible light photocatalysis and sonophotocatalysis.
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