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ABSTRACT

A heterogeneous Bi,S,/TiO, composite catalyst was synthesized via a green ultrasonic-assisted method and characterized by
XRD, SEM, EDX, TEM analysis. The results clearly show that the TiO, particles were homogenously coated with Bi,S, particles,
indicating that Bi,S, particle agglomeration was effectively inhibited after the introduction of anatase TiO,. The Texbrite BA-L
(TBA) degradation rate constant for Bi,S,/TiO, composites reached 8.27 X 10 min™ under visible light, much higher than the cor-
responding value of 1.04 X 10 min™" for TiO,. The quantities of generated hydroxyl radicals can be analyzed by DPCI degrada-
tion, which shows that under visible light irradiation, more electron—hole pairs can be generated. Finally, the possible mechanism
for the generation of reactive oxygen species under visible-light irradiation was proposed as well. Our result shows the signifi-
cant potential of Bi,S,-semiconductor-based TiO, hybrid materials as catalysts under visible light for the degradation of industry

dye effluent substances.
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1. Introduction

his diminishing health of the environment demands the
introduction of new ways to prevent serious environ-
mental issues caused by organic dyes. However, the actual
threat to the environment by these dyes occurs during their
extraction phase. It is well recognized that these dyes and
their products (such as amines) are highly toxic in nature.”
The waste from these dyes can cause damage to the skin,
eyes, and respiratory tract system, and can lead to chronic
health defects.? Texbrite MST-L is used commercially for
padding and filling or for dyeing textile products such as
polyester and cotton fabrics. However, such dyes are
directly or indirectly hazardous to the environment and to
human life. To address this, several schemes have been
introduced related to degradation and purification technol-
ogy to heal the environment. These techniques, including
coagulation, flocculation, and adsorption, have been used to
decolorize textile effluents. However, a number of limita-
tions reduce the commercial usage of these methods, such
as sludge generation, absorbency, and membrane fouling.”
TiO, has attracted much attention over the last few
decades, not only for its effectiveness when used with photo-
electric conversion and photocatalysis but also for its low
cost, simple production processes, good photochemical and
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biological stability, and innocuity with regard to the envi-
ronment and humans.*” However, TiO, has a wide energy
bandgap of 3.2 eV and can thus be excited only by ultravio-
let light, which is only 4 - 6% of the solar spectrum. There-
fore, TiO, nanoparticles cannot efficiently utilize the solar
energy. In addition, the high recombining probability of
electrons and holes photogenerated in TiO, would decrease
its photocatalytic activity. All of these drawbacks limit its
application, especially in large-scale industries. To solve the
above problems, many methods have been applied to extend
the light absorption of TiO, into the visible region and
increase its photocatalytic activity. Various semiconductors,
including CdS,® PbS,” CdSe,*” have been investigated to
sensitize TiO, as a visible light absorber. Among these semi-
conductors, Bi,S, has shown promise in thermoelectric and
optoelectronic applications as well as biological and chemi-
cal sensors. With a direct bandgap of 1.3 eV, bismuth sulfide
(Bi,S,) exhibits promising applications in photovoltaic con-
verters and thermoelectric cooling technologies based on the
Peltier effect.'” Yu et al.'” reported by means of a two-step
method that TiO, nanoparticles also could be grown on the
{310} facet of pre-prepared Bi,S, nanorods to form hetero-
structures but with interfacial defects. The charge transfer in
heterostructures with different interfaces was evaluated by
the photodegradation of methyl orange under visible-light
irradiation. Bessekhouad et al.'® published related research.
Nevertheless, one issue related to their study was that the
proportion of Bi,S, in Bi,S,/TiO, heterojunction increased
from 10 wt.% to 50 wt.%, with an increase of 20 wt.% each
time. Therefore, it remains important to study in detail the
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Fig. 1. Schematic illustration of the deposition of Bi,S, nanoparticles onto TiO,.

influence of different preparation methods for Bi,S./TiO,
heterojunctions on their photocatalytic activity.

A sonochemical method is a facile route which is operated
under ambient conditions. Ultrasonic irradiation causes
cavitation in a liquid medium, where the formation, growth
and implosive collapse of bubbles occurs. The collapse of
bubbles with short lifetimes produces intense local heating
and high pressure levels. These localized hot spots can gen-
erate temperatures of approximately 5000°C and pressure
levels which exceed 1800 kPa, making the spots appropriate
for many chemical reactions.” Recently, Wang et al.'”
successfully synthesized Bi,S; nanorods prepared by a
sonochemical method from an aqueous solution of bismuth
nitrate and sodium thiosulfate in the presence of complex-
ing agents.

To the best of our knowledge, few articles have simultane-
ously presented an introduction of Bi,S, into TiO, by a
sonochemical synthesis route and discussed their different
effects on the visible-light-driven photocatalytic efficiency of
industrial dyes. In this work, we report a simple and green
route for the preparation of Bi,S,-TiO, heterostructured
nanocomposites through an ultrasonic treatment under
room-temperature conditions. The evolution of reactive oxy-
gen species was also investigated by the oxidation of 1,5-
diphenylcarbazide (DPCI) into 1,5-diphenylcarbazone (DPCO),
which can be extracted by organic solvents and which
clearly displays absorbance in a certain range of wave-
length.'®

2. Experimental Procedure

2.1. Materials

Ethylene glycol, ammonium hydroxide (NH,OH, 28%) and
anhydrous ethanol were purchased from Daejung Chemical
Co. (Korea). Titanium oxide nanopowder (TiO,, < 25 nm,
99.7%) with the anatase structure used as an original sam-
ple was purchased from Sigma-Aldrich Chemistry, USA.
Bismuth nitrate (Bi(NO,),"5H,0) and sodium sulfide-5-
hydrate (Na,S-5H,0) were used for the preparation of Bi,S,
and were supplied by Duksan Pure Chemical Co., Ltd, Korea
and by Yakuri Pure Chemicals Co., Ltd, Japan, respectively.
1,5-diphenylcarbazide (DPCI) and Texbrite BA-L (TBA) were
purchased from Daejung Chemicals & Metals and from Tex-
chem Korea Co. Ltd., Korea, respectively. All chemicals
were used without further purification and all experiments
were carried out using distilled water.

2.2. Synthesis of Bi,S /TiO,nanocomposites

TiO, nanoparticles were prepared according to a previous
method by the authors.'” The detailed process is as follows:
first, TiO, precursors were prepared with a molar ratio of
ethanol: H,O: TNB of 35 : 15:4, and the suspension was son-
icated at room temperature for 2 h. The final products were
filtered and washed repeatedly and then dried under a
vacuum at 373 K. The dried catalyst was ground in a ball
mill and calcined at 773 K for 1h to obtain TiO, nano-
particles. Fig. 1 shows an image of the synthesis process of
the Bi,S,/TiO, nanocomposites. Initially, 0.4 g of TiO, powder
was added to 70 mL of ethyl alcohol containing 5 mL
NH,OH, which introduces more hydroxyl groups adsor-
bed onto the surface of TiO,."” The defined amount of
Bi(NO,), 56H,0 was dissolved in the above solution, which
was then vigorous stirred and sonicated (at 750 W, Ultra-
sonic Processor VCX 750, Korea)) for 30 min at a tem-
perature of 353 K. Afterward, the Na,S-5H,0 solution
(830mL) was dropwise added to the solution, followed by
ultrasonication for another 3 h. Subsequently, the tempera-
ture of the mixture was reduced to room temperature and
the mixture was filtered using Whatman filter paper and
washed with distilled water and ethanol five times. The
dried catalyst was labeled Bi,S,/TiO,. For comparison, a
pure Bi,S, photocatalyst was synthesized using a similar
procedure.

2.3. Instrumentation

To determine the crystal phase and the composition of the
as-prepared pure TiO,, Bi,S,, and Bi,S,/TiO, samples, XRD
characterizations were carried out at room temperature
using an XRD device (Shimata XD-D1, Japan) with Cu Ka
radiation (1=1.54056 A) in the range of 20 = 10 - 80° at a
scan speed of 1.2°m™. A SEM instrument (JSM-5200 JOEL,
Japan) was used to observe the surface state and morphol-
ogy of the prepared nanocomposites. Energy dispersive X-
ray spectroscopy (EDX) was employed for an elemental
analysis. Transmission electron microscopy (TEM, JEOL,
JEM-2010, Japan) was used to observe the surface state
and structure of the photocatalyst composites at an acceler-
ation voltage of 200 kV. The decomposition kinetics for the
photocatalytic activity was measured using a spectrometer
(Optizen POP, MECASYS, Korea).

2.4. Evaluation of Reactive Oxygen Species
First, four 100 mL transparent volumetric flasks were
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marked a through d. Four 10.00 mL DPCI stock solutions
(1.00 x 10 mol/L) were added to each of these flasks, fol-
lowed by the addition of 50 mg of the Bi,S./TiO, sample in
the order of (1, 2, 3, 4) from a to d. All four solutions were
diluted to 100 mL with double-distilled water. The final
DPCI concentration and Bi,S./TiO, amount were 1.00 X
107 mol/L and 1.00 g/L, respectively. First, the experiment
was performed without sample powder under the same con-
dition and the DPCL solution was illuminated in a visible
light condition. After 120 min of irradiation, 10 ml of the
solution was removed from each reactor with an extraction
step following with benzene. In the second step, all of the
extracted solutions were diluted to 10 mL with the benzene
solution and their UV-Vis spectra were recorded using a
spectrometer.

2.5. Photocatalytic Performance

The photocatalytic performances of the pure TiO,, P25,
the as-prepared Bi,S,, and the Bi,S,/TiO, were evaluated
using the degradation of Texbrite BA-L (TBA) as an
industrial dye under visible light radiation. A 24 W visible
light source served as the simulated light source. In each
run, 10 mg of the photocatalysts were placed in a 60 ml
solution of Texbrite BA-L (TBA) (0.1 mg ml™). Before irradi-
ation, the solution remained in the dark to establish adsorp-
tion/desorption equilibrium. The visible light was then
switched on. At given time intervals, the collected samples
were centrifuged for 10 minutes to remove the solid materi-
als instantly for further analysis. The photocatalytic behav-
ior of the samples was analyzed through the absorbance
spectrometry with a UV/Vis spectrophotometer (Optizen
POP, MECASYS, Korea).

3. Results and Discussion

3.1. Structural analysis

X-ray diffraction patterns of all pure TiO,, the P25, the as-
prepared Bi,S,, and the Bi,S,/TiO, are shown in Fig. 2, in
which several reflections corresponding to characteristic
interplanar spacing can be observed. It can be confirmed
that the TiO, in the as-prepared photocatalysts is in the
anatase phase, while the Ag,Se appears to be the predominant
crystalline phase of acanthite. For these three samples, the
(101), (004), (211), and (204) crystal planes originated from
the anatase TiO, phase with the orthorhombic phase
showing good crystallinity, which is consistent with the
data reported for Bi,S, (JCPDS Card File No. 17-0320)."”
After being introduced into TiO,, it can clearly be seen that
the intensity of the Bi,S, peaks decreased, confirming the
synthesis of homogeneously dispersed Bi,S, and TiO, nano-
crystals. The particles size D of Bi,S, was calculated using
the Scherrer formula,

D =K\ BeosQy (€))]

where B is the full width at half maxima, K is a shape factor
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Fig. 2. XRD patterns of as-prepared samples: TiO,, Bi,S, and
Bi,S,/TiO, nanocomposites.

(= 0.9), and 1 is the wavelength of the incident X-ray. The
average particle size falls in the range of 25 nm, indicating
the nano size of the Bi,S, particles.

3.2. Surface characteristics of the samples

The micro-surface structures and morphologies of the as-
prepared Bi,S, and Bi,S,/TiO, were characterized by SEM
(Fig. 3(a)). The SEM technique is used to inspect the topog-
raphies of specimens at very high magnification levels using
equipment known as a scanning electron microscope. Fig. 3
shows the macroscopic changes in the morphology of the
composites. In Fig. 3(a), Bi,S, shows a small particle size
and a good dispersion. Zhang et al. reported that a good dis-
persion of small particles can provide more reactive sites for
reactants as compared to aggregated particles.”” Comparing
with the Bi,S, and Bi,S,/TiO, samples (Figs. 3(a) and (b)),
the Bi,S, particles were fixed onto the TiO, surface and the

Fig. 3. SEM micrographs of as-prepared samples: (a) Bi,S,
and (b) Bi,S,/TiO, nanocomposites.
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Fig. 4. TEM micrographs of as-prepared samples: (a) Bi,S,
and (b) Bi,S,/TiO, nanocomposites.

distribution was uniform, but the particles were more
numerous and larger than those of pure Bi,S, with a slight
tendency to agglomerate. This type of agglomeration can
occur when the crystal particle size is very small due to the
weak surface forces of TiO,.””

The microscopic structural information of the as-prepared
Bi,S, and Bi,S,/TiO, composites is shown in Figs. 4(a) and
(b). The TEM images revealed that the Bi,S./TiO, sample
displayed well-dispersed Bi,S, nanoparticles with an
average size of around 15-25nm, as particle agglomeration
was effectively inhibited during the introduction of the ana-
tase TiO, nanoparticles. The nanoscale TiO, displayed well-
dispersed nanoparticles with an average size of 20 nm, as
clearly shown in Fig. 4(b). The presence of a distinct junc-
ture between the two crystal phases confirmed the strong
interaction between Bi,S, and TiO, in Bi,S./TiO,, further
indicating the heterogeneous structure. This indicates that
the ultrasonic-assisted synthesis of Bi,S,/TiO, is advanta-
geous over other synthesis methods and would improve the
photocatalytic properties of these materials.??

3.3. Elemental analysis of the preparation

A chemical composition analysis was conducted and the
element weight percentage values of the prepared Bi,S, and
Bi,S,/TiO, composites were examined by EDX. Fig. 5 shows
the element weight percentages of prepared Bi,S, and Bi,S./
TiO, composites. It shows that strong Ka and KB peaks
from Ti element appear at 4.51 and 4.92 keV, while a mod-
erate Ka peak of the element O appears at 0.52 keV.? It
was found that the strong Ka peak from the S element
appears at 2.37keV, while a La peak from Bi element
appears at 10.84 keV.*** Fig. 5(c) shows the presence of O,
Ti, Bi and S as major elements with strong peaks; thus, a
highly pure Bi,S./TiO, nanocomposite was successfully syn-
thesized.

3.4. Generation of ROS

Figure 6 shows the UV-Vis spectra of DPCO extract
liquors in the presence of Bi,S./TiO, nanocomposites as well
as a test without samples. The four reaction solutions, as
discussed earlier, were placed in an ultrasonic chamber in a
200 ml borosilicate glass container. Under ultrasonic irradi-
ation, 1,5-diphenylcarbazide (DPCI) can be oxidized by oxi-
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Fig. 5. Element weight percentage (a), (b) and EDX elemen-
tal microanalysis results (c) of the as-prepared sam-
ples: Bi,S, and Bi,S,/TiO, nanocomposites.
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Fig. 6. UV-Vis spectra of the DPCO extract liquors (a), and

of the liquors in the presence of the Bi,S,/TiO,

nanocomposite photocatalyst under visible-light irra-
diation for 60 mins (b), 90 mins (c) and 120 mins (d).

dizing substances into 1,5-diphenylcarbazone (DPCO).
Under visible light, Bi,S,/TiO, nanocomposites are excited
to a higher energy state. That is, some electrons are trans-
mitted from the valence band (VB) to the conduction band
(CB). Meanwhile, the generated electron hole pair is formed
by the Bi,S,. Simultaneously, the excited electron is trans-
ferred from the conduction band of Bi,S, to the TiO, surface.
The obtained "OH radicals can oxidize 1,5-diphenylcarba-
zide (DPCI) into 1,5-diphenylcarbazone (DPCO). The DPCO
was extracted by the benzene solvent. The absorbance spec-
tra of our nanocomposites and the observed absorbance
peaks around 400 nm are in agreement with the results
reported in the literature.?*”

3.5. Adsorption properties

To evaluate the adsorption ability of the as-prepared com-
posite catalysts, the reactor was placed on the magnetic
churn dasher while stirring it for 120 min in a dark box to
establish a state of adsorption—desorption equilibrium.
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Fig. 7. Adsorption effect of the Texbrite BA-L (TBA) concen-
tration after adsorption—desorption equilibrium.

From the result shown in Fig. 7, the level of TBA adsorption
by Bi,S,/TiO, was higher than that of the TiO,, P25 and
Bi,S, control samples. This can be attributed to the large
surface area of the Bi,S,/TiO, catalysts of approximately
42.58 m?*g, which is likely correlated with the strong
adsorption ability. The surface area of Bi,S, is about 36.71
m?/g, which is higher than that of the pure TiO, sample of
about 18.64 m?*g. The surface area of P25 was similar to
that of the TiO, catalysts at about 19.95 m%g. After
establishing adsorption—desorption equilibrium for the
Bi,S,/TiO, catalyst, the TBA dye solution was removed at a
rate of approximately 47% while the TBA solution was
removed at only 17% for pure TiO,.

3.6. Degradation effects of Texbrite BA-L (TBA)

The photocatalytic activity of the as-prepared nanocom-
posite was evaluated by the catalytic degradation of Texbrite
BA-L (TBA) as an industrial dye under visible-light irradia-
tion. As shown in Fig. 8(a), the absorbance of anatase TiO, is
lower than that of the Bi,S,/TiO, composites because pure
TiO, cannot be actively excited by visible-light irradiation.
Similar results were also observed by Yu et al.*® The photo-
catalytic degradation of the TBA solution with the Bi,S,/
TiO, composite was better than any of the other composites.
These results can be mainly explained as follows: small par-
ticles which are well dispersed can provide more reactive
sites for reactants than aggregated particles.” As noted
above with regard to the surface characteristics, the Bi,S,/
TiO, composite has a favorable morphology for the adsorp-
tion of relatively more organic pollutants. In addition, the
favorable morphology also played an important role in shut-
tling visible light photo-induced electrons generated from
Bi,S, into the conduction band of TiO, efficiently.

The photocatalytic degradation effect for different photo-
catalysts under visible light obeys the pseudo-first-order
kinetics with respect to the concentration of TBA:

~de/dt =k, c
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Fig. 8. (a) Relative concentration of Texbrite BA-L (TBA)
adsorption and degradation, (b) apparent first-order
kinetics of Texbrite BA-L (TBA) visible-light photoca-
talysis degradation against TiO,, P25, Bi,S, and
Bi,S,/TiO,, and (c) cycling runs regarding the degra-
dation of Texbrite BA-L (TBA) with Bi,S,/TiO, under
visible-light irradiation.

Integrating this equation (with the restriction of c=c,at =0,
with ¢, being the initial concentration in the bulk solution
after dark adsorption and ¢ being the reaction time) will
lead to the following expected relationship,

—In(c/c)=Fk

appt’
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Fig. 9. The scheme of the degradation of Texbrite BA-L
(TBA) and ROS generation at the Bi,S,/TiO, inter-
face under visible-light irradiation.

where ¢, and ¢, are the reactant concentrations at times ¢t =¢
and ¢ = 0, respectively, and &, and ¢ are correspondingly
the apparent reaction rate constant and time. According to
this equation, a plot of —In(c/c,) versus ¢ will yield a slope of
k,,,- According to the results displayed in Fig. 8(b), (c), the
Texbrite BA-L (TBA) degradation rate constant for Bi,S,/
TiO, composites reaches 8.27 x 10 min™" under visible light,
much higher than the corresponding values for pure Bi,S,
(4.34 x 10 min™), P25 (2.49 x 10 min™), and the value of
1.04 x 10° min™" for TiO,. These results further confirm
that the Bi,S,/TiO, nanocomposite is a much more effective
catalyst material than the other samples.

To demonstrate the stable cyclic performance of the Bi,S,/
TiO, photocatalyst, consecutive photocatalytic Texbrite BA-
L (TBA) degradation reactions were conducted under visi-
ble-light irradiation. As shown in Fig. 8(c), Bi,S,/TiO, did
not exhibit any significant loss of photocatalytic activity
after four runs of Texbrite BA-L (TBA) degradation. These
results indicate that the Bi,S.,/TiO, photocatalyst is highly
stable and is not photo-corroded during the photocatalytic
oxidation of Texbrite BA-L (TBA). TiO, modification with a
semiconductor not only improves the photocatalytic perfor-
mance but also realizes the long-term stability of Bi,S,
nanocrystals.”® This result is significant from a practical
viewpoint, as the enhanced photocatalytic activity and sta-
bility will lead to more cost-effective operation. These
results further confirm that Bi,S,/TiO, can be used as a cat-
alytic material in environmental purification processes or in
waste-water treatment facilities in the future.

In our nanosized Bi,S, coupled TiO, nanocomposite sys-
tem, the coupling of two such semiconductors plays a benefi-
cial role in improving charge separation and extending the
use of TiO, in response to visible light. Based on the litera-
ture,”*" we propose a mechanism for the degradation of pol-
lutants and the generation of ROS under visible-light
irradiation, as shown in Fig. 9. Visible-light irradiation pro-
duces electrons (¢) in the conduction band (CB) and holes
(h") in the valence band (VB) of Bi,S, in the nanocomposite.
Meanwhile, the generated electron is transferred to the CB
of Bi,S,, thereby increasing the number of electrons as well
as the rate of electron-induced redox reactions. Graphene
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coupled with the Bi,S,-supported system shows enhanced
catalytic activity due to the high charge separation induced
by the synergetic effects of TiO, and Bi,S,. The generated
electrons () react with the dissolved oxygen molecules and
produce oxygen peroxide radicals, O, . The positive charge
hole (h*) can react with OH' derived from H,0 to form
hydroxyl radicals, OH'. The Texbrite BA-L (TBA) may be
degraded by the O, oxygen peroxide radicals and the OH’
hydroxyl radicals to CO,, H,O, or other mineralization prod-
ucts.*

4. Conclusions

In conclusion, we synthesized Bi,S,/TiO, nanocomposites
through simple ultrasonic-assisted techniques. XRD result
shows that titanium dioxide is in the anatase phase. The
orthorhombic phase of Bi,S, can be observed clearly, and the
introduction of TiO, prevents the growth of crystal Bi,S,.
TEM microphotographs show that the TiO, particles are
homogenously coated by the Bi,S, particles uniformly,
indicating that particle agglomeration is effectively inhibited
after the introduction of anatase TiO, nanoparticles. The
high catalytic efficiency is attributed to the loading of Bi,S,
particles, which is helpful to separate the generated carriers
effectively and to improve the surface properties of the cata-
lysts. The quantities of generated hydroxyl radicals can be
analyzed by DPCI degradation, and it was proved here that
under visible-light irradiation, more electron—hole pairs can
be generated. It is expected that this work will offer valu-
able references with regard to the study of the reaction
mechanism of visible-light photocatalytic degradation to
promote its applications to environmental treatments and
new methods of the use of energy.
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