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Abstract Photocatalytic performance of the SiO2 sphere/

n-type TiO2/p-type CuBiS2 composite catalysts with dif-

ferent contents of silver nanoparticles (abbreviated as SiO2/

n-TiO2/p-CuBiS2/Ag) toward the photodegradation of Acid

Black 1 (AB 1) dye under ultraviolet (UV) and visible light

was investigated. The composite catalyst spheres were

analyzed their crystal structure, microstructure, optical

absorbance capabilities, and photodegradation capabilities

of AB 1 dye. The best photodegradation performances of

the 20 mg composite powder with only *5 mg photoac-

tive catalysts showed the degradation of AB 1 dye in 5 min

under UV and 60 min under visible light irradiations. The

concept of composite catalyst with numerous nano p–n

diodes and its photodegradation mechanism were

proposed.
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1 Introduction

Thousands of dyes that are used in textile industry have

been the major water pollutants. 15 % of these textile dyes

are dumped to the drain, river, and ocean without any

treatment [1–5]. These dye pollutants are not only harmful

to human life but also hazardous to marine life, because

many synthetic dyes are produced by using carcinogen

compounds such as aromatic benzidine [6]. Environmental

protection for better living has been an emergent issue after

industrial revolution.

Nowadays, many efforts have been made to solve the

problems of dye pollution. One of the ways to mitigate the

dye pollutant is to employ photocatalyst materials, which

have been extensively used in many applications such as

elimination of water [7, 8] and gaseous pollutants [9, 10],

antifogging/self-cleaning [11, 12], antibacterial applica-

tions [13, 14], and hydrogen production [15]. Photocatal-

ysis is a favorite method in eliminating pollutants because

it is non-toxic, eco-friendly, cost-effective, and repro-

ducible. Due to energy shortage and global warming, the

research of photocatalyst materials had been conducted

since several decades ago. However, the research work is

still pursuing the photocatalysts with a high activity and

reactive selectivity for long-term effective applications.

Research has been conducted on the photocatalytic

activities of semiconductor nanoparticles to degrade dye

pollutants by harnessing UV and visible light irradiation

[16–22]. The application of semiconductor nanomaterials

in photocatalytic reactions has become more popular due to

the great improvements in their photocatalytic activities.

However, the unsatisfied efficiency in photocatalytic

reactions is still the bottleneck for applications [23]. The

well-known TiO2 photocatalyst has attracted many

researcher attentions. Its limited sunlight absorption of 4 %

has been greatly improved by extending its photoactivity to

the visible light region [24–28]. To improve the photo-

electrochemical activity of TiO2, the architecture design of

composite catalyst is critical. The common design of

composite catalyst is coupling of the wide-bandgap and

low-bandgap semiconductor materials to have synergistic

effects to improve photocatalytic efficiency.
The philosophy of the built-in electrical field at the p–

n junction has been applied to enhance the performance of

the visible light photocatalytic activities. The p–n concept

had been applied in systems such as CuCr2O4/TiO2,

BiVO4/Bi2O3, AgBr/WO3, SnO2/ZnO, BiOI/TiO2, Bi2S3/

BiVO4, metal oxide (CuO, Co3O4, NiO)/BiVO4, Cu2O/

In3O3, ZnO/Ag2O, and CaFe2O4/Ag3VO4 to avoid the

recombination of charge carriers induced by visible light

irradiation [29–38].

Only few studies on CuBiS2 semiconductor material

have been done. CuBiS2 material is found to be one of the

alternative solar cell materials and a visible light-responded

material. Balasubramanian et al. [39] found that CuBiS2

had a bandgap of 2.19–2.62 eV; meanwhile, Temple et al.

[40] found that this material had an indirect bandgap and

poor hole mobility. Therefore, CuBiS2 material could be

used for the solar cell absorber material. In this work,

CuBiS2 is used as a sensitizer to enhance the visible light

photocatalytic reactions and to degrade organic pollutants.

The aim in this work is to provide an efficient photocat-

alyst in removing organic dye pollutants for environmental

remediation and pollution control. In our previous work,

Mahesh et al. [41] had successfully improved the photocat-

alytic performance of the SiO2/TiO2 composite catalyst by

depositing Ag nanoparticles to enhance photocatalytic

activities with the aid of surface plasmonic resonance (SPR)

under UV light irradiation. In the present work, the basic

SiO2 mesoporous sphere (*500 nm) is still used as a sup-

porting carrier to load the TiO2 nanoparticle layer and it is

improved by depositing CuBiS2 nanoparticles on TiO2 to

create a nano p–n heterojunction diode structure; therefore, it

would be both UV and visible light-activated photocatalyst.

Introducing CuBiS2 semiconductor to the space between

TiO2 layer and Ag nanoparticles as designed in our previous

work [41] is scientifically interesting, and its photocatalytic

activity is investigated in this present work.

2 Experimental

2.1 Materials

Analytical-grade chemical compounds were used as

received without any further purification in this work.

2.2 Preparation of SiO2 mesoporous spheres

To prepare SiO2 mesoporous spheres, 1.2 g of cetyl tri-

methyl ammonium bromide was added to 240 ml distilled

water and 160 ml of ethanol in sequence and treated by

ultrasonication for 1 min; then, 3.2 ml ammonium

hydroxide was added by slowly dropping to the solution.

After stirring for 30 min, 4 ml of tetraethyl orthosilicate

was added and stirred for 2 h; then, the precipitation from

solution was centrifuged and washed for three times using

alcohol. The washed product was dried by using rotary

evaporation. At last, the SiO2 sphere was obtained by

heating at 500 �C for 3 h.

2.3 Preparation of TiO2 coating on SiO2

mesoporous spheres

TiO2 coating on SiO2 mesoporous spheres was done by

adding 0.1 g as-prepared SiO2 sphere in 4 ml isopropanol
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and 0.5 ml dodecane. To well disperse the mixed solution,

it was taken to the sonication bath for 15 min. After the

solution was well dispersed, 0.1 ml titanium isobutoxide

with the same weight as SiO2 sphere was added and stirred

for 5 min, followed by adding 0.1 mg of distilled water to

initiate TiO2 precipitation on SiO2 sphere. At last, the

precipitate from the solution was centrifuged and washed

with alcohol for three times before drying in rotary evap-

orator. The final product of TiO2-coated SiO2 was obtained

after calcination at 450 �C in air for 2 h.

2.4 Preparation of CuBiS2 nanoparticle coating

on SiO2/TiO2 sphere particles

The coating of 20 % CuBiS2 nanoparticles on SiO2/TiO2

was prepared by mixing 0.0115 g of copper iodide, 0.019 g

of bismuth chloride, and 0.1 g of sulfur in 15 ml oley-

lamine with 0.1 g SiO2/TiO2. The amount of 20 % CuBiS2

was calculated based on the amount of SiO2/TiO2. After

heating at 140 �C for 2 h under a vacuum condition, the

solution was heated to 230 �C, followed with the injection

of the sulfur-containing oleylamine. At the final stage, the

solution was heated to 280 �C and its temperature was hold

for 1 h; then, it was slowly cooled down to room temper-

ature. The precipitate in the solution was centrifuged and

washed with hexane for one time and alcohol for three

times before drying in rotary evaporator. The obtained

composite particle was abbreviated as SiO2/TiO2/CuBiS2.

2.5 Depositing Ag nanoparticles on SiO2/TiO2/

CuBiS2

To deposit Ag nanoparticles on the composite particles,

0.1 g of SiO2/TiO2/CuBiS2 was prepared and dispersed in

the mixture of 6 mL distilled water and 6 mL alcohol;

then, the corresponding AgNO3 was added to the solution

and taken to sonication bath for 15 min to get 1, 3, and 5 %

Ag deposited on SiO2/TiO2/CuBiS2 sphere particles. The

percentage amounts of Ag were calculated based on the

weight amount of SiO2/TiO2/CuBiS2. The well-dispersed

solution then was stirred and exposed to UV irradiation for

1 h to reduce Ag? into Ag, followed by centrifugation and

alcohol washing for three times as well as drying in rotary

evaporator.

2.6 Characterization

The powder X-ray diffractometry (XRD) was used for

phase identification with the aid of Bruker D2 phaser

diffractometer under Cu Ka radiation using a wavelength

of 1.5418 Å. The surface morphologies were examined by

transmission electron microscopy (TEM, H-7000, equipped

with a CCD camera, Hitachi, Tokyo, Japan) and field-

emission scanning electron microscopy (FE-SEM, JSM

6500F, JEOL, Tokyo, Japan). The UV–Vis diffuse reflec-

tance spectra (DRS) and photodegradation of AB 1 dye

were monitored by a Jasco V-670 UV–visible–near IR

spectrophotometer equipped with an integrated sphere

assembly. Optical absorbance spectra measured by Fourier

transform infrared spectroscopy (FTIR, Agilent Digilab

FTS-3500, California, USA) was used to determine the

concentration of the remaining AB 1 dye before and after

light irradiation.

2.7 Photodegradation experiments

The photodegradation experiments were conducted under

UV and visible light irradiations. The output powers of UV

and visible light sources were 450 Watt of Hg–Xe lamp with

a cutoff filter (k[400 nm) and 150 watt of halogen lamp,

respectively. The dye concentrations used in this work were

10 ppm and 5 ppm for UV and visible light photodegrada-

tion, respectively, since the degradation rate of AB 1 dye

under UV irradiation was much faster compared to that

under visible light irradiation. In the UV light irradiation

experiment, the system contained 10 mg SiO2/TiO2/CuBiS2/

Ag catalyst particles that were dispersed in 50 ml of 10 ppm

AB 1 dye solution. Meanwhile, in the visible light irradiation

test, 20 mg SiO2/TiO2/CuBiS2/Ag powder was dispersed in

100 ml of 5 ppm AB 1 dye solution. To ensure the kinetic

equilibrium between the catalyst and AB 1 dye, the solution

was kept in the dark and stirred for 30 min. Then, the cat-

alyst-loaded dye solution was irradiated by UV or visible

light. At different time intervals, 5-mL aliquots were sam-

pled and the concentration of samples was monitored by the

intensity of UV–Vis absorbance at 615 nm.

3 Results and discussions

3.1 X-ray diffraction pattern of nanocomposite

catalyst

Figure 1 shows the XRD diffraction patterns of SiO2, SiO2/

TiO2, SiO2/TiO2/Ag, SiO2/TiO2/CuBiS2/Ag, and pure

CuBiS2. The SiO2 sphere support was amorphous. When

TiO2 nanoparticles were coated on amorphous SiO2 sphere,

the diffraction peaks of TiO2 showed up in the spectra and

were contributed to the anatase phase. The anatase TiO2

peaks located at 25.9�, 38.5�, 48.6o, 54.6o, and 55.4o were

corresponding to the (101), (112), (200), (105), and (211)

planes and were in a good agreement with the reference

profile of PDF #21-1272. The anatase phase of TiO2 was

well crystallized, and it had a crystalline size of about 8 nm

obtained from the Scherrer equation. After photodeposition

of Ag nanoparticles, the new peak observed at 44.5o was
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corresponding to the (111) plane and consistent with ref-

erence profile of PDF #04-0783. However, the Ag peak

almost cannot be observed in SiO2/TiO2/CuBiS2/Ag sys-

tem due to the small amount of Ag nanoparticles deposited

on the catalyst system. The CuBiS2 powder was prepared

by the same procedure that was shown in experimental

section, and its XRD pattern was used for the comparison

purpose. All the CuBiS2 diffraction peaks generated from

the SiO2/TiO2/CuBiS2/Ag system were close to those from

as-prepared CuBiS2. The observed peaks of CuBiS2 in

SiO2/TiO2/CuBiS2/Ag were located at 24.5�, 27.0�, 28.2�,
29.1�, 31.8�, 32.5�, 33.8�, 45.9�, 50.1�, and 52.1� corre-

sponding to the planes of (004), (111), (104), (013), (202),

(113), (105), (302), (008), and (117), respectively, as

referring to PDF #43-1473. The small amounts of Cu3BiS3

and Bi2S3 secondary phases were found in the spectra.

Because the sulfur element was easily vaporized at high

temperature, therefore the excessive sulfur content in pre-

cursor solution was provided. The high process tempera-

ture was to improve the crystallinity of CuBiS2. However,

CuBiS2 suffered from the phase separation into Cu3BiS3

and Bi2S3. The equation for phase separation could be

proposed as:

3CuBiS2 �!
D

Cu3BiS3 þ Bi2S3

3.2 Microstructural analyses of composite

photocatalyst

Figure 2 shows FE-SEM images of (a) SiO2/TiO2 and

(b) SiO2/TiO2/CuBiS2/Ag composite catalyst and (c) the

EDS spectrum of SiO2/TiO2/CuBiS2/Ag catalyst. After

the TiO2 coating, the SiO2/TiO2 particles remained

Fig. 1 XRD patterns of SiO2, SiO2/TiO2, SiO2/TiO2/Ag, SiO2/TiO2/

CuBiS2/Ag, and as-prepared CuBiS2

Fig. 2 FE-SEM images of

a SiO2/TiO2 and b SiO2/TiO2/

CuBiS2/Ag composite catalyst

and c EDS spectrum of SiO2/

TiO2/CuBiS2/Ag catalyst
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uniform and had a smooth surface, as shown in Fig. 2a.

The SiO2 mesoporous sphere particles with specific sur-

face area of 1300 m2/g and average pore diameter of

2.1 nm provided the foundation to build the beautiful

configuration of TiO2 coating. After coating with CuBiS2

and Ag nanoparticles, the surface of the composite cat-

alyst became slightly rougher. Figure 2b shows that the

composite spheres are uniformly covered by CuBiS2 and

Ag nanoparticles without any aggregation outside the

spheres. As confirmed by the EDS shown in Fig. 2c, the

elements of Cu, Bi, S, Si, Ti, O, and Ag were all

detected from the composite catalyst spheres. The

homogeneous coating of CuBiS2 nanoparticles on SiO2/

TiO2 sphere provides the advantages of forming nano

p–n heterojunction diodes between n-TiO2 and p-CuBiS2

nanoparticles.

Figure 3 shows TEM images of the SiO2/TiO2/CuBiS2/

Ag composite photocatalyst under (a) low and (b) high

magnifications. The bigger SiO2 sphere particles had the

size of *500 nm and was well covered by TiO2, CuBiS2,

and Ag nanoparticles without aggregation outside the

spheres. The composite catalyst with all the coatings

showed the slightly rougher surfaces. The black layer at

the periphery of the catalyst sphere in Fig. 3b had a layer

thickness of *20 nm, which was composed of the

CuBiS2 and Ag. The Ag nanoparticle (\10 nm) coated on

the outer surface of the composite catalyst was expected

to develop the SPR behavior. Some larger nanoparticles

above 10 nm in Fig. 3a belonged to CuBiS2 particles.

Most of the CuBiS2 and Ag nanoparticles had the size

below 5 nm. To demonstrate TiO2, CuBiS2, and Ag

coated on the surface of SiO2 sphere, the elemental

mapping was conducted and is shown in the supplemen-

tary information (Fig. S1). Due to the nanoparticle nature

of CuBiS2, each composite catalyst contains numerous

nano p–n diodes.

3.3 UV–Vis diffuse reflectance spectra for optical

absorbance measurements

Figure 4 shows the optical absorbance spectra of SiO2/

TiO2/CuBiS2/Ag composite photocatalysts at the Ag con-

tents of 1, 3, and 5 %. Our composite catalyst systems

showed good photoabsorbance in UV and visible light

regions. The absorbance spectra in UV and visible light

regions were corresponding to TiO2, Ag, and CuBiS2

nanoparticles of the catalyst system, respectively. The

SiO2/TiO2/20 % CuBiS2/0 % Ag composite catalysts

showed lower absorption in visible region due to the con-

tribution from CuBiS2 nanoparticles. The absorbance of

light in visible region increased with the increasing Ag

content in the composite catalyst, and 5 % Ag-containing

catalyst had the highest visible light absorbance. This result

indicated the contribution of Ag nanoparticles on the

Fig. 3 TEM images of the SiO2/TiO2/CuBiS2/Ag composite photocatalyst with a low and b high magnifications

Fig. 4 UV–Vis diffuse reflectance spectra of the catalyst system with

different Ag contents

Photocatalytic performance of the SiO2 sphere/n-type TiO2/p-type CuBiS2 composite catalysts… Page 5 of 11 739

123



surface of composite catalyst increased the visible light

absorption. This behavior was related to the small bandgap

of Ag; therefore, it strongly responded to visible light

irradiation and showed the SPR phenomenon. However, in

the UV region, the UV light absorbance increased from the

catalyst system with Ag contents of 1, 5, and 3 %,

respectively. The UV light absorbance was much more

affected by TiO2 layer in composite catalyst; nevertheless,

the Ag-containing also gave the absorbance contribution.

The increasing UV light absorbance was limited with the

increasing Ag contents, due to the coverage of Ag

nanoparticles on the catalyst surfaces thus diffusing the

light away instead of passing through the light to TiO2

layer. To understand the optical properties of TiO2 and

CuBiS2, the catalyst systems of SiO2/TiO2 and SiO2/

CuBiS2 were also prepared with the same procedure. The

UV–Vis light absorbance of the catalyst systems was also

examined by spectroscopy, and the results are shown in the

supplementary information (Fig. S2). The intensity of

visible light absorption in SiO2/CuBiS2 system was low;

therefore, visible light absorbance of CuBiS2 in the spec-

trum of composite photocatalyst was not observable due to

the little amount of CuBiS2 that could be deposited on

SiO2/TiO2 sphere. SiO2/TiO2 catalyst system exhibited a

high intensity of ultraviolet absorption and did not show

visible light absorption due to the high bandgap of TiO2.

However, after the deposition of TiO2, CuBiS2, and Ag on

SiO2 sphere to form p–n diode/metal, the UV and visible

light absorption of composite catalyst was significantly

increased.

3.4 Photocatalytic degradation of AB 1 dye

The photocatalytic activity of composite catalysts was

investigated by varying the contents of silver in the catalyst

system. The composite catalysts had the Ag contents of 1,

3, and 5 %, while keeping the CuBiS2 content constant at

20 %. The designed systems for dye photodegradation

were 10 mg of composite catalyst in a 50 ml of 10 ppm

dye solution under UV light and 20 mg of composite cat-

alyst in a 100 ml of 5 ppm dye solution under visible light.

AB 1 dye showed two dominant peaks of UV–Vis

absorbance, which were located at the positions of 320 and

615 nm. There were no photolytic activities of AB 1 dye

without the presence of catalyst under UV or visible light

illumination as shown in supplementary information

(Fig. S3). The dye degradation by the composite catalyst

particles was calculated with the decreasing intensity of the

peak located at 615 nm. The time scale of adding catalyst

powder into dye solution and stirring in the dark condition

was set as t = -30 min. The dye was stirred in the dark for

30 min to ensure the kinetic adsorption and desorption

equilibrium between composite catalyst and dye solution.

The time at which light source was turned on was marked

as t = 0 min; then, the dye sampling was taken in the time

interval of 5 min.

Figure 5a shows the UV–Vis spectra of AB 1 dye with

SiO2/TiO2/CuBiS2 composite catalysts after 30-min UV

light irradiation. The catalyst system without Ag content

did not have a strong photooxidation of AB 1 dye. The

photodegradation shifted UV–Vis spectra of AB 1 peaks

from 615 nm at 0 min to 565 and 530 nm at 30 min and

the peak from 320 nm at 0 min to 357 nm at 30 min. These

data showed that the photodegradation of AB 1 dye was not

completely accomplished by SiO2/TiO2/CuBiS2 composite

catalysts. The shifted peaks were related to the intermedi-

ate products of photodegradation, and the color of dye

solution in this state changed from dark blue to pink color

as shown in Fig. 5a. The incomplete degradation was

possibly due to the higher recombination rate of photo-

carriers after separated by photoexcitation. To solve this

problem, the catalyst system then was coated by Ag

nanoparticles and its photocatalytic performance was

increased as shown in Fig. 5b with the color of dye solution

changed from dark blue to colorless. The peaks of AB 1 dye

in Fig. 5b were completely decreased by photocatalytic

activity of SiO2/TiO2/CuBiS2/Ag composite catalyst under

UV light irradiation. The good performance of this system

is due to the improvement in SPR on catalyst surfaces and

photoelectron trapping by electron scavenger behavior [42]

of Ag nanoparticles; therefore, the life time of photoelec-

tron and hole pairs was extended to provide more sites for

photooxidation of AB 1 dye.

Figure 5c shows photodegradation of 10 ppm AB 1 dye

with the SiO2/TiO2/CuBiS2/Ag composite catalysts at dif-

ferent Ag contents under UV light irradiation. The C/Co

ratio was the remaining dye concentration relative to the

initial dye concentration after light irradiation, based upon

the decreasing peak intensity of AB 1 dye at 615 nm in the

UV–Vis spectrum. At t = 0, the 1, 3, and 5 % Ag-loaded

composite catalyst system under UV irradiation has dye

adsorption of 28, 25, and 31 %, respectively. All the cat-

alyst systems showed good performances on the AB 1 dye

photodegradation. The silver contents of 1 and 5 % in the

composite catalysts almost had the same performance in

AB 1 dye degradation. The amount of 3 % Ag in composite

catalyst showed the best photoactivity which was consis-

tent with the result of DRS measurement in UV region in

Fig. 4. These data told us that the smaller amount of 1 %

Ag lowered the photodegradation efficiency, but the larger

amount of 5 % Ag also limited the photodegradation due to

the large area covered by Ag nanoparticles thus reducing

the contact area between CuBiS2 nanoparticles and dye

compound in the solution. CuBiS2 nanoparticle is the

p-type semiconductor material that has a dominant role in

oxidizing AB 1 dye during the photodegradation. To have a
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good performance of photodegradation, it should have a

good contact between p-type semiconductor nanoparticles

and dye compounds in the solution during photo-induced

reactions. The accelerated photodegradation of our com-

posite catalyst in 5–10 min can be attributed to good

adsorption of dye onto catalyst (25–31 %) to speed up the

photodegradation. The more dye adsorption capability on

composite catalyst, the shorter distance for dye compound

to diffuse to contact with catalyst surfaces and to be

degraded by photoreactions. For a comparative study, the

catalyst system with the design of SiO2/TiO2/3 % Ag was

also tested to degrade AB 1 dye under UV light irradiation

and its performance is shown in Fig. 5c. As shown in the

data, the catalyst of SiO2/TiO2/3 % Ag did not have good

adsorption of AB 1 dye after a 30-min absorption period,

which can be related to the absence of the nano p–n diodes

in the catalyst system. The electric field from the nano

p–n junction in the CuBiS2 containing system can attract

ionic species or dye molecules with induced or permanent

dipoles [43, 44]. The photocatalytic ability of SiO2/TiO2/

3 % Ag was also lower compared to that of SiO2/TiO2/

CuBiS2/3 %Ag. This result indicates the essential of nano

p–n junction between CuBiS2 and TiO2 in suppressing the

recombination rate of photogenerated electrons and holes.

In consequences, the life time of photogenerated electrons

and holes is prolonged to provide enough time for photo-

catalytic degradation of AB 1 dye.

Figure 5d shows photodegradation of 5 ppm AB 1 dye

with the SiO2/TiO2/CuBiS2/Ag composite catalysts at dif-

ferent silver contents under visible light irradiation. All the

catalyst systems had almost the same rate in photode-

grading AB 1 dye. The catalyst system with 1 % Ag con-

tent had the highest capability of dye adsorption of 41 %;

therefore, it degraded AB 1 in 60 min and was faster than

others. The photocatalytic behavior under visible light

irradiation was different from that under UV light due to

Fig. 5 a, b Changes in UV–Vis spectra of AB 1 dye on UV light

irradiation in the presence of a SiO2/TiO2/CuBiS2 and b SiO2/TiO2/

CuBiS2/Ag composite catalysts, respectively. c, d The photodegra-

dation of 10 ppm and 5 ppm AB 1 dye with the SiO2/TiO2/CuBiS2/Ag

composite catalysts at different Ag contents and SiO2/TiO2/Ag

composite catalysts under c UV light (10 ppm dye) and d visible light

(5 ppm dye) irradiations, respectively. The insets in a and b show the

color changes after photodegradation test
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the difficulty of light in having a contact with CuBiS2

nanoparticle as visible light photocatalyst that covered by

Ag nanoparticles. CuBiS2 nanoparticle is more important

for visible light photodegradation of dye, since it is a vis-

ible light-driven semiconductor material with the bandgap

of 2.19–2.62 eV [39]. The amount of Ag nanoparticles in

the catalyst system needs to be adequate. If there are lots of

Ag nanoparticles, the CuBiS2 surface cannot be exposed to

the dye solution and the photodegradation becomes diffi-

cult. The slightly improved photodegradation for the 5 %

Ag composite catalyst can be related to the enhanced SPR

due to the formation of more Ag nanoparticles at a higher

Ag content. As a comparative purpose, the catalyst system

of SiO2/TiO2/3 % Ag was also tested to degrade AB 1 dye

under visible light illumination. However, the adsorption

and photocatalytic performances were lower than those of

SiO2/TiO2/CuBiS2/3 %Ag due to the absence of nano p–n

diodes as elucidated in the previous section under UV

illumination.

As confirmed from an EDS composition analysis of the

composite catalyst with 3 % Ag content, it approximately

had 77.84 % SiO2, 18.42 % TiO2, 2.92 % CuBiS2, and

0.82 % Ag. Based on these data, 20 mg of composite

catalyst only contains 15.568 mg SiO2, 3.684 mg TiO2,

0.584 mg CuBiS2, and 0.164 mg Ag. For a traditional

photodegradation test, 20 mg catalyst has been frequently

used. Without considering the weight of the inert SiO2

support, we had been using only less than 5-mg (4.432 mg)

photoactive materials for our photodegradation test. If a

fourfold amount of catalysts were used to reach a total of

20 mg, the photodegradation is expected to complete in a

sudden of 1 min under UV and in 15 min under visible

light. With these examples, the good performance of

nanophotocatalyst spheres can be elucidated. The advan-

tage of our SiO2 mesoporous support is providing the

nucleation site to facilitate the nanoparticle formation and

the barrier site to avoid the nanoparticle coalescence

through its surface diffusion. Actually, the conventional

powder preparation that involving a heating procedure is

much difficult to form powder with particle size less than

10 nm, but in our work, the preparation by introducing

SiO2 mesoporous sphere makes smaller TiO2 and CuBiS2

particle size possible to be obtained less than 10 nm.

3.5 Reusability of catalyst

The reusability experiments were continuously executed

for four runs with the used composite catalysts of SiO2/

TiO2/CuBiS2/3 %Ag and SiO2/TiO2/CuBiS2/1 %Ag to

degrade the same concentration of AB 1 dye by performing

the photocatalytic experiments under UV and visible light

irradiations, respectively. After each run of the pho-

todegradation experiment, the catalyst was washed with

alcohol for three times, dried by using a rotary evaporator,

and then kept in vacuum oven at 80 �C for 12 h for next

run. Due to the larger SiO2 support, the washing procedure

did not have the problem of losing nanoparticles, which has

been a serious problem for nanoparticles in the post-treat-

ment procedure. Figure 6a shows the reusability perfor-

mance of a composite catalyst with 3 % Ag under UV light

photocatalytic experiment. The dye absorption of our

composite catalyst after 30 min stirring in the dark

Fig. 6 Reusability of SiO2/TiO2/CuBiS2 composite photocatalyst with 3 % Ag and 1 % Ag in the presence of a UV light and b visible light

irradiations for dye photodegradation, respectively
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decreased from 32, 13, 4, to 8 % for the sequential runs.

The change in the absorption capability indicates that the

surface of composite catalyst is sequentially covered by

intermediate dye compounds; therefore, it becomes

unavailable for further dye adsorption for the next run. The

100 % degradation of dye in solution was reached at 5, 15,

20, and 20 min for the sequential reusability experiments.

For the third and fourth runs shown in Fig. 6a, the com-

posite catalyst can still degrade 100 % dye in 20 min,

although it has low adsorption of AB 1 dye. This reusability

experiment explains that the composite catalyst, although it

is covered by the dye or its intermediate compounds, can

still have photodegradation capability.

Figure 6b shows the reusability performance of com-

posite catalyst with 1 % Ag under the visible light pho-

todegradation experiment. The absorption of composite

catalyst after 30 min stirring in the dark also decreased

from 41, 31, 12 to 11 % for the sequential runs. The 100 %

dye degradation was reached at 60, 70, 75, and 75 min for

the sequential reusability experiments. The behaviors of the

visible light reusability experiments were also similar to

those obtained from the UV light experiments. That is to

say, the composite catalyst is confirmed to be able to

continuously perform the visible light photodegradation.

3.6 Photodegradation mechanism of composite

catalyst in a dye solution

Figure 7 shows the schematic presentation of the pho-

todegradation mechanism of our composite catalyst sys-

tem. The concept of the composite photocatalyst is the

coupling effect between the p-type CuBiS2 nanoparticle

and the n-type TiO2 nanoparticle-filled layer to form the

nano p–n diode. With the strong coupling effect, the p–n

heterojunction can establish the electric field in the

depletion zone and the Fermi levels of both p- and n-type

semiconductors can align together. Due to the nanometer

sizes for the semiconductor particles, the electric field-af-

fected zone can extend to and influence the whole

nanoparticles. Under the light-off condition, the built-in

electric field of these nano p–n diodes can drift the existent

electrons to the p-type and holes to the n-type. The p–n

diode with its built-in electric field adsorbs ionic species

and molecules with permanent or induced dipoles [43, 44].

For a comparison, commercially available n-type P25 TiO2

nanoparticles with good UV photodegradation capability

do not have a p–n junction and have no adsorption

behavior. Once the nano p–n diodes are irradiated by light,

the photo-induced electron and hole can be much easily

separated for the photodegradation purpose instead of

charge recombination. In addition to harvest visible light

through SPR, the conducting Ag nanoparticles are expected

to trap electrons and to avoid the charge recombination.

The reaction steps of photodegradation include the mass

transport of dye molecule in solution to the catalyst sur-

face, the dye adsorption on catalyst, and photoreactions

between the dye and catalyst. The adsorption step is crucial

for having a faster degradation rate. If the rate-limiting step

of the mass transport can be accelerated by the strong

attraction from the nano p–n diodes, the whole pho-

todegradation rate can be greatly improved. To confirm the

dye adsorbed and decomposed by composite catalyst, the

Fig. 7 Photodegradation

mechanism of composite

catalyst in a dye solution
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FTIR absorption spectra of AB 1 dye and composite cata-

lyst were analyzed. Figure 8 shows the FTIR results of

(a) AB 1 dye, (b) composite catalyst powder, (c) composite

catalyst powder after immersing in dye solution and stir-

ring for 30 min without light irradiation, and (d) composite

catalyst powder after testing for AB 1 photodegradation.

The peaks in Fig. 8c indicated catalyst powder had strong

absorption of AB 1 dye while it did not have the photo-

catalytic capability in a dark condition. After exposing the

composite catalyst to light, as shown in Fig. 8d, the peaks

of AB 1 dye did not exist on the catalyst powder. With this

evidence, we can say that the dye in solution can be

adsorbed by catalyst and the adsorbed dye can be degraded

under the light irradiation.

4 Conclusions

The SiO2 mesoporous sphere/n-type TiO2/p-type CuBiS2

composite catalysts coated with different amounts of silver

nanoparticles, i.e., SiO2/TiO2/CuBiS2/Ag, were synthe-

sized with a facile method and characterized. X-ray

diffraction patterns showed all peaks of TiO2, CuBiS2, and

Ag together with the weak peaks corresponding to Cu3BiS3

and Bi2S3. SEM and TEM images showed the uniform

deposition of TiO2, CuBiS2, and Ag nanoparticles on SiO2

spheres. The DRS UV–Vis spectroscopy showed that the

SiO2/TiO2/CuBiS2/Ag catalyst had optical absorbance in

the regions of UV and visible light. Our 20 mg catalyst

system contains only *5 mg photoactive catalysts, and

*15 mg SiO2 mesoporous support can be repeatedly used

to degrade 10 ppm AB 1 dye in a 50 ml solution within

20 min under UV irradiation or to degrade 5 ppm dye in a

100 ml solution within 75 min under visible light illumi-

nation. Although our composite catalysts adsorbed the dye

and its intermediates, its photodegradation capability still

remained for the consecutive use. Our design is to have a

coupling effect between the UV light-driven n-type TiO2

layer and the visible light-driven p-type CuBiS2 nanopar-

ticles to form the numerous nano p–n heterojunction diodes

with a built-in electric field in each. The newly designed

composite catalyst with the nano p–n diodes can shorten

the transport path for photodegradation through the strong

electrostatic interaction between composite catalyst itself

and dye to increase the photoactivity efficiency.

Acknowledgments This work was supported by Ministry of Science

and Technology of the Republic of China under Grant Number MOST

103-2218-E-011-015 and by the National Taiwan University of Sci-

ence and Technology through Grant Number 103H451201.

References

1. I.A. Alaton, I.A. Balcioglu, D.W. Bahnemann, Water Res. 36,

1143 (2002)

2. U. Pagga, D. Brown, Chemosphere 15, 479 (1986)

3. A. Houas, H. Lachheb, M. Ksibi, E. Elaloui, C. Guillard, J.-M.

Herrmann, Appl. Catal. B 31, 145 (2001)

4. H. Zollinger, Color Chemistry: Syntheses, Properties, Applica-

tions of Organic Dyes and Pigments, 3rd edn. (Wiley-VCH,

Zurich, 2003)

5. W.S. Perkins, Text. Chem. Color. Am. Dyest. Report. 1, 33

(1999)

6. G.L. Baughman, T.A. Perenich, Toxicol. Chem. 7, 183 (1988)

7. T.E. Agustinaet, H.M. Ang, V.K. Vareek, J. Photochem. Photo-

biol. C Photochem. Rev. 6, 264 (2005)

8. J. Feng, T. Tsuzuki, B. Tang, X. Hou, L. Sun, X. Wang, ACS

Appl. Mater. Interfaces 4, 3084 (2012)

9. H. Li, S. Yin, Y. Wang, T. Sato, Environ. Sci. Technol. 46, 7741

(2012)

10. A. Kachina, E. Puzenat, S. Ould-Chikh, C. Geantet, P. Delichere,

P. Afanasiev, Chem. Mater. 24, 636 (2012)

11. S. Afzal, W.A. Daoud, S.J. Langford, A.C.S. Appl, Mater.

Interfaces 5, 4753 (2013)

12. K.I. Katsumata, S. Okazaki, C.E.J. Cordonier, T. Shichi, T.

Sasaki, A. Fujishima, ACS Appl. Mater. Interfaces 2, 1236

(2010)

13. D.M. Tobaldi, C. Piccirillo, R.C. Pullar, A.F. Gualtieri, M.P.

Seabra, P.M.L. Castro, J.A. Labrincha, J. Phys. Chem. C 118,

4751 (2014)

14. R. Kumar, S. Anandan, K. Hembram, T.N. Rao, ACS Appl.

Mater. Interfaces 6, 13138 (2014)

15. M. Ni, M.K.H. Leung, D.Y.C. Leung, K. Sumathy, Renew. Sust.

Energy Rev. 11, 401 (2007)

16. Y.X. Yu, W.X. Ouyang, Z.T. Liao, B.B. Du, W.D. Zhang, A.C.S.

Appl, Mater. Interfaces 6, 8467 (2014)

17. Y. Qi, Q. Liu, K. Tang, Z. Liang, Z. Ren, X. Liu, J. Phys. Chem.

C 113, 3939 (2009)

18. F. Shen, W. Que, Y. Liao, X. Yin, Ind. Eng. Chem. Res. 50, 9131

(2011)

19. F.C.S. Paschoalino, M.P. Paschoalino, E. Jordão, W.F. Jardim,

Open J. Phys. Chem. 2, 135 (2012)

20. J. Yu, X.X. Yu, Environ. Sci. Technol. 42, 4902 (2008)

Fig. 8 FTIR absorbance spectra of (a) AB 1 dye, (b) composite

catalyst powder, (c) composite catalyst powder after immersing in dye

solution and stirring for 30 min without light irradiation, and

(d) composite catalyst powder after testing for AB 1 photodegradation

739 Page 10 of 11 H. Abdullah, D.-H. Kuo

123



21. G. Hota, S. Jain, K.C. Khilar, Colloid Surf. A Physicochem. Eng.

Asp. 232, 119 (2004)

22. A.C. Pradhan, K.M. Parida, B. Nanda, Dalton Trans. 40, 7348

(2011)

23. P.D. Tran, L.H. Wong, J. Barber, J.S.C. Loo, Energy Environ.

Sci. 5, 5902 (2012)

24. M. Anpo, M. Takeuchi, Int. J. Photoenergy 3, 89 (2001)

25. T. Umebayashi, T. Yamaki, H. Itoh, K. Asai, J. Phys. Chem.

Solids 63, 1909 (2002)

26. W.Y. Choi, A. Termin, M.R. Hoffmann, J. Phys. Chem. 98,

13669 (1994)

27. Z. Chen, Y.J. Xu, A.C.S. Appl, Mater. Interfaces 5, 13353 (2013)

28. J.C. Xu, M. Lu, X.Y. Guo, H.L. Li, J. Mol. Catal. A Chem. 226,

123 (2005)

29. J. Yan, L. Zhang, H. Yang, Y. Tang, Z. Lu, S. Guo, Y. Dai, Y.

Han, M. Yao, Sol. Energy 83, 1534 (2009)

30. M.L. Guan, D.K. Ma, S.W. Hu, Y.J. Chen, S.M. Huang, Inorg.

Chem. 50, 800 (2011)

31. H. Xu, Y. Xu, H. Li, J.X. Xia, J. Xiong, S. Yin, C. Huang, H.

Wan, Dalton Trans. 41, 3387 (2012)

32. L. Zheng, Y. Zheng, C. Chen, Y. Zhan, X. Lin, Q. Zheng, K. Wei,

J. Zhu, Inorg. Chem. 48, 1819 (2009)

33. X. Zhang, L. Zhang, T. Xie, D. Wang, J. Phys. Chem. C 113,

7371 (2009)

34. D.K. Ma, M.L. Guan, S.S. Liu, Y.Q. Zhang, C.W. Zhang, Y.X.

He, S.M. Huang, Dalton Trans. 41, 5581 (2012)

35. J.S. Jang, H.G. Kim, S.H. Lee, J. Phys. Chem. Solids 73, 1372

(2012)

36. L. Wei, C. Shifu, J. Electrochem. Soc. 157, 1029 (2010)

37. C. Shifuet, Z. Wei, L. Wei, Z. Huaye, Y. Xiaoling, C.Y. Hao, J.

Hazard. Mater. 172, 1415 (2009)

38. S. Ma, J. Xue, Y. Zhou, Z. Zhang, J. Mater. Chem. A 2, 7272

(2014)

39. V. Balasubramanian, N. Suriyanarayanan, S. Prabahar, S. Sri-

kanth, Chalcogenide Lett. 8, 637 (2011)

40. D.J. Temple, A.B. Kehoe, J.P. Allen, G.W. Watson, D.O. Scan-

lon, J. Phys. Chem. C 116, 7334 (2012)

41. K.P.O. Mahesh, D.H. Kuo, B.R. Huang, J. Mol. Catal. A Chem.

396, 290 (2015)

42. W. Smith, S. Maob, G. Lu, A. Catlett, J. Chen, Y. Zhao, Chem.

Phys. Lett. 485, 171 (2010)

43. R.P. Schwarzenbach, P.M. Gschwend, D.M. Imboden, Environ-

mental Organic Chemistry (Wiley-Interscience, New York, 1993)

44. M.R. Hoffmann, S.T. Martin, W. Choi, D.W. Bahneman, Chem.

Rev. 95, 69 (1995)

Photocatalytic performance of the SiO2 sphere/n-type TiO2/p-type CuBiS2 composite catalysts… Page 11 of 11 739

123


	Photocatalytic performance of the SiO2 sphere/n-type TiO2/p-type CuBiS2 composite catalysts coated with different contents of Ag nanoparticles under ultraviolet and visible light irradiations
	Abstract
	Graphical Abstract
	Introduction
	Experimental
	Materials
	Preparation of SiO2 mesoporous spheres
	Preparation of TiO2 coating on SiO2 mesoporous spheres
	Preparation of CuBiS2 nanoparticle coating on SiO2/TiO2 sphere particles
	Depositing Ag nanoparticles on SiO2/TiO2/CuBiS2
	Characterization
	Photodegradation experiments

	Results and discussions
	X-ray diffraction pattern of nanocomposite catalyst
	Microstructural analyses of composite photocatalyst
	UV--Vis diffuse reflectance spectra for optical absorbance measurements
	Photocatalytic degradation of AB 1 dye
	Reusability of catalyst
	Photodegradation mechanism of composite catalyst in a dye solution

	Conclusions
	Acknowledgments
	References




