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Abstract Hybrid film photocatalysts have been prepared

by embedding SiO2/TiO2/CuBiS2/Ag nanocomposite

spheres into nylon films (nylon/catalyst) for controlling the

leaching problem of catalyst powders during the pho-

todegradation of acid black 1 (AB 1) dye solution. The

composite catalyst with 500 nm SiO2 sphere as a support

which had uniform size and shape was synthesized by the

sol–gel and hydrothermal methods. The coupling between

p-CuBiS2 and n-TiO2 nanoparticles showed synergetic

effects to the enhancement of organic dye photodegrada-

tion under visible light irradiation. Furthermore, the Ag

nanoparticles on the nanocomposites increased the surface

plasmonic resonance and acted as electron trapping which

is leading to better photocarrier separation. The 20, 30, and

40 mg as-prepared nanocomposite catalysts were embed-

ded into nylon films to produce three different composi-

tions of 120 mg nylon/catalyst hybrids. The good

photodegradation property of 40 mg nylon/catalyst hybrid

was tested and was found that it could degrade the 100 mL

of 5 ppm dye solution, respectively, in 150, 120, 180, and

150 min in four consecutive runs under 150 W halogen

light irradiation. The hybrid films did not need a washing

procedure after being used and could be incessantly used

after that. The good reusability of hybrid photocatalyst

films is attributed to its porosity, thin thickness, tiny size of

nanoparticles (less than 10 nm), and the formation of nano

p–n diodes between p-CuBiS2 and n-TiO2 nanoparticles.

1 Introduction

Organic pollutants such as dyes that are usually used by

textile industries cause many environment contaminations.

The dyes from industrial effluents are hard to be detected

since they undergo chemical transformation under a certain

condition and become more toxic and carcinogenic than the

parent molecules [1]. There are many ways to eliminate

dye pollution such as physical, chemical, and biological

methods. One of the cheapest ways in alleviating dye

pollution is utilizing photocatalyst materials by harnessing

sunlight for photocatalytic dye degradation.

Various kinds of photocatalysts had been widely used

for extinguishing water and gaseous pollutant from envi-

ronment. TiO2 is the most famous photocatalyst that has

been used for many kinds of researches and applications

such as photodegradation [2–5], self cleaning [6, 7], solar

cell [8, 9], water sterilization [10], scattering medium [11],

hydrogen production [12], and bactericide [13, 14]. How-

ever, TiO2 still suffered from a crucial limitation for being

active mainly in UV light irradiation. Since sunlight only

contains a small fraction of ultraviolet light, its utilization

by TiO2 is limited. To modify TiO2 for a visible-light-

driven material, many research works have been conducted

on its surface modification, coupling with noble metals,

doping, and enhancement with dye sensitization [15–19].

Nowadays, most of the researches in photocatalysis have

been using semiconductor materials as active sites for

degrading organic compounds because of their sunlight-

activated properties. After semiconductors are illuminated

by light with photon energy equal to or higher than their

bandgap energy (Eg), electrons from valence band will

excite to empty conduction band [20–23]. After the pho-

toexcitation occurs in semiconductors, the photo-induced

electron and hole can be separated and diffused to their
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surface on which the electron and hole can execute redox

reactions to degrade the pollutant species. To improve the

photocatalytic efficiency and to enhance reaction selectiv-

ity, composite catalysts with different semiconductor

materials have been widely tested in order to increase the

diffusion length between photo-induced carriers and to

decrease the recombination rate between them. The com-

posite catalysts with a p–n heterojunction have been pro-

posed to extend the lifetime of the photo-induced carriers

[24–26]. In the present work, the p–n heterojunction which

formed between TiO2 and CuBiS2 nanoparticles is built on

mesoporous SiO2 support spheres. Ag nanoparticle coating

outside the p–n diodes is to further increase the photocar-

rier diffusion length and to avoid their recombination.

Photocatalyst in powder form has several drawbacks: (1)

sunlight does not reach the deep water surface [27], (2)

sedimentation of catalyst powder takes long time and high

cost [5, 28], (3) mobility of catalyst powder may be

harmful to human life [29], and (4) its large-scale appli-

cation is difficult [15]. To solve the loose powder problem,

various substrate supports have been used to grasp TiO2

nanoparticles in order to reduce the cost of post separation

treatments [15, 30–33]. One of the good substrates is the

polymer-based support to hold the photocatalyst nanopar-

ticles. The advantages for using polymer-supported pho-

tocatalysts are: (1) low cost and availability [15], (2)

simple thermal treatment [32], (3) good affinity with cat-

alysts and pollutants [15], (4) a high specific surface area

[15], (5) no photocatalyst leaching [15], (6) long-term

stability [15], and (7) easy reuse. Therefore, the polymer-

supported photocatalysts may provide the long lifetime

reusability and lower the cost of post treatments. Never-

theless, the immobilized photocatalyst powder on or in the

support will sacrifice its photocatalytic efficiency due to the

coverage of catalyst particles by the inactive polymer. The

improvement in the photocatalytic performance of the

polymer/catalyst hybrid composites becomes a challenge.

In our previous work, the hybrid composites of poly-

urethane (PU)-SiO2/TiO2 films with different contents of

inorganic fillers were investigated for their photocatalytic

performance to degrade dye solution under UV irradiation

[34]. The PU-40 % SiO2/TiO2 hybrid degraded the dye in

60 min and was reusable. In this present work, the hybrid

composite film with enhanced photocatalytic capability

under visible light irradiation is further developed. To

make the photocatalytic hybrid film work under visible

light, the embedded catalyst needs to be a visible light-

activated material and immobilized in the polymer support.

The visible light-activated CuBiS2, a p-type semiconductor

with Eg of 2.16–2.62 eV [35], is introduced to couple with

the n-type TiO2 nanoparticle layer to form nano p–n diodes

and further deposited by Ag nanoparticles. All these

nanoparticles take an advantage from SiO2 sphere substrate

to uniformly grow on it in nanosize and form a good

configuration of SiO2/TiO2/CuBiS2/Ag. The visible light-

driven nanocomposite of SiO2/TiO2/CuBiS2/Ag is embed-

ded into an ethanol-soluble nylon matrix to form the

organic/inorganic hybrid film and its photocatalytic ability

was evaluated.

2 Experimental

2.1 Materials

In this work, chemical compounds were obtained com-

mercially without any purification treatment. All chemicals

meet the American Chemical Society (ACS) standards with

the analytical grade found in our chemical.

2.2 Preparation of SiO2 sphere particles

To synthesize SiO2 sphere particles, 240 mL deionized

(DI) water, 1.2 mg Cetyl trimethylammonium bromide

(CTAB), and 160 mL ethanol were prepared and added in

sequence into 500-mL beaker glass and treated by ultra-

sonication for 1 min. 3.2 mL commercially obtained

ammonium hydroxide is then added to the solution slowly

and stirred for 30 min. While the solution is being stirred,

4 mL of tetraethyl orthosilicate (TEOS) was added. After

2 h stirring, the precipitate obtained from the solution was

centrifuged and washed three times using 95 % ethanol,

followed by a drying process using a rotary evaporator. At

last, the SiO2 sphere particles were obtained after calci-

nation at 500 �C for 3 h.

2.3 Preparation of SiO2/TiO2 particles

The coating of TiO2 on SiO2 sphere particles was synthe-

sized by adding 0.1 g the as-prepared SiO2 sphere particles,

4 mL isopropanol, and 0.5 mL dodecane in sequence into a

small vial bottle and taken to sonication bath for 15 min. In

this solution, 0.1 mL titanium isobutoxide was added and

stirred for 5 min. In the process of stirring, 20 mg of DI

water was added into the solution. After 4 h stirring, the

precipitate obtained from the solution was centrifuged and

washed three times using 95 % ethanol. The thin TiO2

layer-coated SiO2 (abbreviated as SiO2/TiO2) sphere was

then heated at 450 �C for 2 h in air to form TiO2 anatase

structure [38].

2.4 Preparation of SiO2/TiO2/CuBiS2 particles

The deposition of CuBiS2 nanoparticles on SiO2/TiO2

composite sphere was synthesized as follows: 0.0115 g CuI

and 0.019 g BiCl3 were first added into a three neck flask
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and dispersed in oleylamine, then heated on hot plate at

130 �C for 2 h in vacuum and under vigorous stirring to

form a yellow solution. In the other vessel, 0.1 mg sulfur

was dissolved in oleylamine and its amount was more than

enough, since sulfur was easily vaporized at high temper-

ature. The dissolving sulfur in oleylamine gave a red

solution. After 2 h heating in vacuum, the temperature of

reaction solution was increased to 280 �C. As the tem-

perature achieved above 200 �C, the as-prepared sulfur

solution was slowly injected into the three neck flask. After

the temperature reached 280 �C, it was held for 1 h then

slowly cooled to room temperature. The precipitates in

solution were centrifuged and first washed with hexane

followed by 95 % ethanol washing for three times. The

product of SiO2/TiO2/CuBiS2 composite particles was

dried by using a rotary evaporator. The amount of CuBiS2
nanoparticles deposited on the SiO2/TiO2 composite

spheres was about 20 % based on the weight of SiO2/TiO2

composite particles. This obtained powder was abbreviated

as SiO2/TiO2/CuBiS2.

2.5 Deposition of Ag nanoparticles on SiO2/TiO2/

CuBiS2

To coat the Ag nanoparticles on the composite sphere,

0.1 g the as-prepared SiO2/TiO2/CuBiS2 powder was dis-

persed into the mixed solution of 12 mL DI water and

12 mL of 95 % ethanol; then, 3.2 mg AgNO3 powder was

added to get 2 % Ag nanoparticles in the solution. To have

a well-dispersed solution, it was taken to a sonication bath

for 15 min. The dispersed solution was then exposed to UV

irradiation for 1 h to reduce Ag? ions to Ag nanoparticles

under vigorous stirring. The Ag-coated SiO2/TiO2/CuBiS2
particles in the solution were collected by centrifugation

and washed three times with 95 % ethanol then dried with

a rotary evaporator. The obtained composite catalyst

powder was abbreviated as SiO2/TiO2/CuBiS2/Ag.

2.6 Deposition of Ag nanoparticles on SiO2/TiO2

To deposit Ag nanoparticles on SiO2/TiO2, the same pro-

cedure with that of depositing Ag nanoparticles on SiO2/

TiO2/CuBiS2 were used. 0.1 g the as-prepared SiO2/TiO2

powder was dispersed into the mixed solution of 12 mL DI

water and 12 mL of 95 % ethanol. The amount of 3.2 mg

AgNO3 powder was added to the solution. After treated in

sonication bath for 15 min, the solution was then exposed

to UV irradiation for 1 h under vigorous stirring. The

brown precipitate of SiO2/TiO2/Ag was collected by cen-

trifugation and washed three times with 95 % ethanol

followed by drying in a rotary evaporator. The as-prepared

SiO2/TiO2/Ag powder was used for XRD pattern compar-

ison purpose.

2.7 Embedment of SiO2/TiO2/CuBiS2/Ag composite

catalyst particles into nylon film

Figure 1 shows the preparation steps of embedding SiO2/

TiO2/CuBiS2/Ag composite catalyst particles into nylon

film. Nylon pellets that used in this work were commer-

cially available with the brand name of DuPontTM

Elvamide�. These nylon pellets could be dissolved in 99 %

ethanol so that the embedment preparation was easily done

by a wet chemical method. The 20, 30, and 40 mg SiO2/

TiO2/CuBiS2/Ag composite catalyst were embedded in

hybrid films to produce three kinds of hybrid films with

different compositions. The weight of each hybrid film was

set to 120 mg. The embedment procedure was done by

firstly preparing nylon solution. In separated vessels, the

nylon pellets with amounts of 100, 90, and 80 mg were

dissolved in 6 mL ethanol under vigorous stirring at 80 �C
for 2 h. After all the nylon pellets were dissolved in etha-

nol, the required amounts of 20, 30, and 40 mg composite

catalyst powder were, respectively, added into each vessel

containing 100, 90, and 80 mg nylon solution and contin-

uously stirred for 2 h. The nylon solution with the dis-

persed composite catalyst particles was then casted on

petri-dish and dried at room temperature for overnight. The

hybrid film that casted on petri-dish was carefully peeled-

off by immersing it in water. The total weight of each

hybrid film was about 101 mg instead of 120 mg as cal-

culated in our procedure, because of difficulty in peeling

the film edges and weight loss of materials during the

processes.

2.8 Characterization

The surface and cross-sectional morphologies of hybrid

films were examined by field-emission scanning electron

microscopy (FE-SEM, JSM 6500F, JEOL, Tokyo, Japan).

Surface morphologies of SiO2/TiO2/CuBiS2/Ag composite

catalyst spheres were examined by transmission electron

microscopy (TEM, H-7000, equipped with a CCD camera,

Hitachi, Tokyo, Japan). Powder X-ray diffraction (XRD)

pattern of SiO2/TiO2/CuBiS2/Ag composite sphere was

recorded by Bruker D2-phaser diffractometer using Cu Ka
radiation with a wavelength of 1.5418 Å. UV–Vis diffuse

reflectance spectra (DRS) for optical absorption of powder

was recorded with a Jasco V-670 UV–Visible-Near IR

Spectrophotometer. The weight losses of pure nylon film

and hybrid composite films were analyzed using a ther-

mogravimetric analyzer (TA Instrument Q500, New Castle,

DE, USA) at a heating rate of 20 �C min-1 up to 600 �C in

air. X-ray photoelectron spectroscopy (XPS) measurements

of nano composite powder used for photocatalytic experi-

ments were done on a VG ESCA Scientific Theta Probe

spectrometer system with Al Ka(1486.6 eV) source and
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15*400 mm X-ray spot size by using ion gun at 3 kV;

1 mA.

2.9 Photodegradation experiments

Photodegradation experiments for the acid black 1 (AB 1)

dye solution were conducted by immersing hybrid com-

posite film in the dye solution under visible light irradiation

and vigorous stirring. The experimental photoreactor was

equipped with air channel to continuously pump air into the

dye solution. The visible light source of a 150 W tungsten

halogen lamp was jacketed by a water-cooling quartz tube

parallel to the photoreactor. Each hybrid film was tested for

the photodegradation of AB 1 dye. After finding the best

composition, that hybrid was taken for the reusability

experiment. Before testing for AB 1 dye photodegradation

experiment, each hybrid film was immersed in 50 ppm AB

1 dye solution for overnight to ensure the dye absorption

saturation of hybrid film. The saturated hybrid film was

dried at room temperature and used for photodegradation

experiment by immersing in 100 mL AB 1 dye solution of

5 ppm for 30 min in dark condition under vigorous stirring.

After 30 min stirring, the solution was irradiated by halo-

gen light. The starting time of light-off/dark and light-on

conditions were set to be t = -30 and 0 min, respectively.

To monitor the dye degradation during the experiments,

5 mL aliquots were sampled every 30 min and examined

by a Jasco V-670 UV–Visible-Near IR spectrophotometer

for the peak intensity at 615 nm.

3 Results and discussion

3.1 X-ray diffraction pattern of composite catalyst

Figure 2 shows the diffraction peaks from the SiO2/TiO2/

Ag and SiO2/TiO2/CuBiS2/Ag composite catalyst particles.

The background of the XRD pattern was contributed from

the amorphous SiO2 sphere as a carrier for the catalyst. The

corresponding peak locations and diffraction planes

Fig. 1 Fabrication of SiO2/

TiO2/CuBiS2/Ag composite

catalyst-loaded nylon film
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corresponded to the anatase phase of TiO2, and they were

observed at 25.3� for (101), 38.2� for (112), 48.6� for

(200), 54.5� for (105), and 55.2� for (211), as identified

with the aid of PDF#89-4921. TiO2 after pyrolyzed at

450 �C for 2 h had a small crystalline size of 82 Å, as

calculated with the Scherrer equation. The observed peaks

of CuBiS2 were located at 24.8�, 27.3�, 28.3�, 29.1�, 30.4�,
31.4�, 34.0�, 34.6�, 37.6�, 39.8�, 46.0�, 46.2�, 49.0�, 50.2�,
52.0�, 56.4�, and 57.4� corresponding to the planes of

(004), (111), (104), (200), (201), (202), (105), (203), (211),

(106), (302), (020), (215), (008), (117), (314), and (222),

respectively. These observed peaks were supported by

PDF#43-1473. However, two peaks with a small intensity

were found at 22.6� and 23.1� in the pattern, which were

related to Bi2S3 and Cu3BiS3, respectively. The secondary

phases were formed because the excess amount of sulfur

was used to compensate the possibility of losing sulfur at

high temperature. To easier observe the peak of Ag

nanoparticles, the SiO2/TiO2/Ag was prepared and its XRD

pattern also included in Fig. 2 for comparison. After pho-

toreduction by UV irradiation, Ag nanoparticles were

deposited on composite surface and observed at the peak

position of 44.7�, which was corresponding to the plane of

(111), as listed in PDF#04-0783. The peak intensity of Ag

was weak due to its low quantity.
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Fig. 2 XRD patterns of SiO2/TiO2/Ag and SiO2/TiO2/CuBiS2/Ag

composite catalyst powders

Fig. 3 a FE-SEM image of

SiO2 sphere, b EDS spectra of

the SiO2/TiO2/CuBiS2/Ag

composite, c lower- and

d higher-magnification TEM

images of SiO2/TiO2/CuBiS2/

Ag catalyst powders
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3.2 Morphology and microstructure analyses

of composite catalyst

Figure 3 shows (a) FE-SEM image of pure SiO2 sphere

particles and TEM images of SiO2/TiO2/CuBiS2/Ag com-

posite catalyst at (c) low and (d) high magnifications. The

images showed that TiO2, CuBiS2, and Ag nanoparticles

were uniformly deposited on SiO2 sphere without aggre-

gation. SiO2 sphere had a size of about 500 nm as shown in

Fig. 3a. However, the sphere diameter remained about

500 nm after coated with nanoparticles on it, which indi-

cated that each TiO2, CuBiS2, and Ag nanoparticle coating

was extremely thin. The size of these nanoparticles is no

larger than 10 nm. The black layer on the circumference of

composite spheres represents a thin layer of the nanopar-

ticles including TiO2, CuBiS2, and Ag.

3.3 UV–Vis diffuse reflectance spectra (DRS)

of composite spheres

Figure 4 shows the UV–Vis DRS of SiO2/TiO2/CuBiS2/Ag

composite sphere together with those of SiO2/TiO2 and

SiO2/TiO2/Ag. The SiO2/TiO2 composite system had a

strong absorbance only in the ultraviolet region of

250–375 nm. After Ag deposition on SiO2/TiO2 composite

sphere, a slightly increased absorbance in visible light

region of 500–800 nm was observed due to surface plas-

monic resonance. By incorporating the visible light-re-

sponse CuBiS2 into the catalyst system to form the p–

n diodes, the absorbance of composite catalysts was sig-

nificantly increased in the visible region. SiO2/TiO2/

CuBiS2/Ag and SiO2/TiO2 have the similar UV absorbance

of 25–28 %, but the CuBiS2-containing catalyst has the

visible absorbance above 16 %. Based on these results, our

hybrid catalyst film can work both under visible light and

ultraviolet light irradiations.

3.4 X-ray photoelectron spectroscopy (XPS)

analysis of composite spheres

X-ray photoelectron spectroscopy analysis was carried out

to determine the chemical state of individual elements

present in the composite spheres. The XPS full scan of

composite spheres in Fig. 5a deduces the presence of ele-

ments such as Si, Ti, Cu, Bi, S, and Ag in SiO2/TiO2/

CuBiS2/Ag composite spheres. The binding energy values

of Cu (2p3/2) and Cu (2p1/2) were 932.59 and 952.2 eV,

respectively. The observed binding energy values of Cu

were consistent with literature data (933.6 and 953.5 eV)

which were corresponding to Cu (2p3/2) and Cu (2p1/2)

[36]. The XPS spectra confirmed the presence of Ti4? in

composite spheres with the binding energy values of Ti

(2p3/2) and Ti (2p1/2) at 458.73 and 464.3 eV, respectively.

The binding energy values were in good agreement with

previous report of Ti (2p3/2) at 459.6 eV and Ti (2p1/2) at

465.4 eV [37]. The binding energy value of Si (2p) was

104.21 eV which was consistent with the literature data of

Si (2p) at 103.3 eV [36]. The highest peaks of Bi (4f7/2)

and Bi (4f5/2) in XPS spectra showed the binding energy

values at 158.48 and 163.6 eV which were corresponding

to literature data of Bi (4f7/2) and Bi (4f5/2) at 157 and

162.31 eV [36]. The binding energy values of S (2p3/2) and

S (2p1/2) were 158.9 and 164.0 eV which was corre-

sponding to literature data of S (2p3/2) and S (2p1/2) at 164

and 165.18 eV. It was noticed that the shoulders were

emerged in the spectra of Bi (4f7/2) and Bi (4f5/2) as well as

S (2p3/2) and S (2p1/2) due to the secondary phases of Bi2S3
and Cu3BiS3. At last, the chemical state of Ag also had

been observed in the XPS spectra. The binding energy

values of Ag (3d5/2) and Ag (3d3/2) were at 367.67 and

374 eV which were well consistent with literature data of

Ag (3d5/2) and Ag (3d3/2) at 368.3 and 374.3 eV.

3.5 Morphology and microstructure analyses

of hybrid films

Figure 6 shows the photographs of (a) a transparent pure

nylon film and the hybrid films with (b) 20 mg, (c) 30 mg,

and (d) 40 mg composite catalysts loaded into nylon films.

The photographs in Fig. 4b–d show the hybrid sheets

became darker with the increasing amount of catalyst

particles. All the composite catalyst films had a diameter of

8 cm and their colors were uniform, which indicated a

uniform distribution of the catalyst loading in nylon films.

Figure 7 shows the FE-SEM cross-sectional images of

(a) pure nylon film and the hybrid films with (b) 20 mg,

(c) 30 mg, and (d) 40 mg catalyst powders loaded into

nylon films. The pure nylon film was transparent and had a

dense cross section of 10 lm thickness, but after loaded by

composite catalyst, the thickness of hybrid films increased

300 400 500 600 700 800
0.00

0.05

0.10

0.15

0.20

0.25

0.30

A
bs

or
ba

nc
e

Wavelength (nm)

SiO2/TiO2/CuBiS2/Ag

SiO2/TiO2/Ag

SiO2/TiO2

Fig. 4 UV–Vis diffuse reflectance spectra of SiO2/TiO2, SiO2/TiO2/

Ag, and SiO2/TiO2/CuBiS2/Ag composite catalysts
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to 15 lm, and all the nylon/catalyst films had porous cross

section. However, the surface images of hybrid films, as

shown in the insets of Fig. 7, had smooth surfaces and its

fillers were well embedded. From the cross-sectional

images, the filler particles were observed but strongly

attached in nylon. The porosity in hybrid films can be

attributed to the trapped air in the coated nanoparticle

layers. The porous hybrid film has the advantage of

providing the opportunity for the embedded catalyst par-

ticles to be exposed to air or solution.

3.6 TGA thermogram analyses of nylon-SiO2/TiO2/

CuBiS2/Ag hybrid films

Figure 8 shows TGA thermograms of pure nylon film and

the 20, 30, 40 mg composite catalyst-loaded nylon films.
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After firing to 600 �C, pure nylon film was completely

pyrolyzed and the 20, 30, and 40 mg composite catalyst-

loaded nylon films had been combusted 81.6, 78.1, and

70.6 % of their original weight, respectively. Based on

these results, the actual amounts of composite powders in

hybrid films were 18.6, 22.1, and 29.7 mg, respectively.

The pyrolysis temperatures at 10 % weight loss were,

respectively, 405�, 358�, 358�, and 336� for pure nylon and

the 20, 30, and 40 mg catalyst-loaded hybrid films and

were continuously dropped at the higher loading contents.

The added catalyst powder has weakened the bonding

strength of ethanol-soluble nylon, because functional

groups on nylon interact with inorganic nanoparticles to

increase the polymer disorderliness.

3.7 Photodegradation of AB 1 dye

In this work, AB 1 dye was used as a pollutant model to

study the photocatalytic performance of nylon-SiO2/TiO2/

CuBiS2/Ag composite hybrid films. The volume and con-

centration of AB 1 dye that used in experiment were 100 mL

and 5 ppm, respectively. The total weight and thickness of

each hybrid film were 101 mg and 1 lm, respectively.

Figure 9 shows the photocatalytic performance of three

different kinds of composite catalyst-loaded nylon films in

the presence of visible light. For all hybrid films, the dye

concentration at t = 0 min was higher than that at

t = -30 min due to the dye release from the saturated

hybrid films under the dark condition. The dye saturation

procedure by immersing hybrid films in 50 ppm dye for

overnight prior to being used for photocatalytic degradation

is to ensure the decrease of dye concentration in solution

caused by the photocatalytic degradation instead of dye

adsorption by nylon film. The results showed the 40 mg

composite catalyst-loaded nylon film had the best photo-

catalytic performance with 100 % dye degradation in

150 min, while it took 180 min for the 30 mg catalyst-loa-

ded nylon film. For pure nylon, it released much more dye at

t = 0 min and dye could not be degraded under the visible

light irradiation for 240 min. This comparison provides the

evidence that the dye degradation is totally caused by pho-

tocatalytic reactions of composite catalyst spheres.

The amount of catalyst loaded in hybrid film was con-

firmed by TGA and EDS analyses. Based on TGA results,

101 mg of the 40 mg SiO2/TiO2/CuBiS2/Ag composite-

loaded nylon film contained of 29.69 mg composite cata-

lyst. Based on the EDS results of composite catalysts, each

composite catalyst contained 78.27 % SiO2, 15.5 % TiO2,

Fig. 6 Photographs of 120 mg of a pure nylon film and the hybrid films with b 20 mg, c 30 mg, and d 40 mg catalyst powders loaded into nylon

films
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5.69 % CuBiS2, and 0.54 % Ag as shown in Fig. 3b. The

active catalysts except SiO2 had a total ratio of 21.73 %.

Therefore, the hybrid film with the 29.69 mg embedded

composite catalyst has 23.24 mg SiO2, 4.60 mg TiO2,

1.69 mg CuBiS2, and 0.16 mg Ag. The active catalysts

including TiO2, CuBiS2, and Ag only have 6.45 mg in our

best hybrid film. Since SiO2 is used as a carrier, on which

the active catalyst nanoparticles accumulate as a black thin

layer, as shown in Fig. 3d. For a traditional photocatalytic

test, catalyst powder of 20 mg has been added into the dye

solution. Although the amount of our active catalyst is very

little and the catalyst is embedded in nylon, the good

performance of composite catalyst hybrid films has been

demonstrated.

Fig. 7 Cross-sectional FE-SEM images of a pure nylon film and the hybrid films with b 20 mg, c 30 mg, and d 40 mg catalyst powders loaded

into nylon films. The inset in each image is its own surface morphology
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Fig. 9 Photocatalytic activities of a pure nylon film and the hybrid

films loaded with b 20 mg, c 30 mg, and d 40 mg composite catalyst

powders for the degradation of AB 1 dye under the visible light

irradiation
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3.8 Reusability of SiO2/TiO2/CuBiS2/Ag composite

catalyst-loaded nylon film

The reusability was examined by repeatedly using the same

hybrid film to degrade fresh dye solution under visible light

illumination. The 40 mg composite catalyst-loaded nylon

film was tested for the reusability experiment. After fin-

ishing each run of AB 1 dye photodegradation, the hybrid

catalyst film was dried in air at room temperature for the

next run. Figure 10 shows four runs of reusability experi-

ments carried out with the same concentration of 5 ppm AB

1 dye for each test. The hybrid film degraded 95, 92, 92,

and 94 % AB 1 dye in 150, 120, 180, and 150 min,

respectively. The four consecutive runs were done with no

any treatment to hybrid film except drying only before each

test. The photocatalytic performance of hybrid films

experienced a little change in degradation efficiency in

third and fourth cycles. For the second run, the dye

degradation time was faster since the dye absorbed on

hybrid film was degraded much more after the first run and

more active sites on hybrid film for dye adsorption and

photoreaction became available. After 120 min photore-

action of the second run, partial AB 1 dye remained on

hybrid film; therefore, the dye concentration at t = 0 min

was higher than that at t = -30 min at the third run due to

the dye desorption. One important phenomenon to note is

that a slower degradation run is always followed by a faster

one. This occurrence is related to the photodegradation rate

on dye is faster than the dye adsorption by nylon polymer.

Our nylon is ethanol soluble, and it has the functional

groups to have the dipole–dipole interaction with the

organic dye. The dye in the photoreaction system has two

kinds: dye in the solution and dye absorbed on nylon film.

The slower run indicates the dye in the solution takes a

longer reaction time to complete the photodegradation. At

the same time, the dye absorbed on nylon film is degraded

much more due to the longer exposure duration. The

depleted dye on nylon for the next run will not be released

to the dye solution, and the degradation rate can be faster

due to the availability of more dye-free reaction sites on

nylon. The reusability experiment indicates that our hybrid

film is stable and reusable under visible light irradiation.

The thin and porous hybrid catalyst film has advantages

of allowing the light to reach the surface of composite

catalyst in nylon film and the dye to access the embedded

catalyst particles for the execution of the photocatalytic

reaction. The good visible light dye degradation for the

catalyst hybrid film with a little amount of TiO2, CuBiS2,

and Ag is also contributed from the nature of nanoparticles

smaller than 10 nm [38] and the formation of the p–

n nanodiodes. The immobilization of photocatalyt by nylon

has made the catalyst recycling much easier. Although the

efficiency of dye degradation of the hybrid film is not

superior to that of catalytic powder, its photocatalytic
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performance remains good. Although the polymer matrix

blocks some surface areas of semiconductor nanoparticles

thus decreasing the photo-induced charge carriers from

semiconductor nanoparticles, our hybrid film remains

promising for photocatalytic applications.

4 Conclusions

Thin and flexible SiO2/TiO2/CuBiS2/Ag composite parti-

cle-loaded nylon films were fabricated by a facile method

and characterized. The crystalline phases of TiO2, CuBiS2,

and Ag were identified by XRD analysis. FE-SEM images

showed hybrid films had smooth surfaces and porous cross

sections. TEM images showed the composite catalyst

sphere had uniform size without aggregation. TiO2,

CuBiS2, and Ag nanoparticles of less than 10 nm in size

formed the coating layers on SiO2 spheres. EDS results

showed that the total amount of active catalysts of TiO2,

CuBiS2, and Ag was only 6.45 mg and occupied 21.73 %

in the composite sphere catalyst; however, the small of

active catalyst still showed a good photocatalytic activity.

The chemical state of each element in nanocomposites was

confirmed by XPS spectra. TGA results showed the solid

contents in the 20, 30, and 40 mg composite catalyst-loa-

ded nylon film were 18.4, 21.9, and 29.4 %, respectively.

The good visible light dye degradation and the reusability

for the catalyst hybrid film with a little amount of TiO2,

CuBiS2, and Ag can be related to the nature of tiny

nanoparticles (\10 nm), the formation of the nano p–

n diodes, the thin nylon sheet that providing a light pene-

tration, and the dye-accessible pores for more reaction

sites. This hybrid film is also easy for recycling and engi-

neering applications and free of the risk of nanoparticle

inhalation for the environmental consideration.
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