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Abstract In the present study, Ag/SiO2–TiO2 thin films

on ceramic tiles with glazed surface were successfully

prepared by a liquid phase deposition method (LPD) at a

low temperature. The Ag/SiO2–TiO2 thin films obtained

were homogenous, well adhered and colored by interfer-

ence of reflected light. The films were characterized by

scanning electron microscopy and X-ray diffraction. From

these analysis data, it was found that silver (Ag) nanopar-

ticles were trapped in SiO2–TiO2 matrix. The antibacterial

effects of Ag/SiO2–TiO2 thin films against S. aureus and

E. coli were examined by the so-called antibacterial-drop

test. The bactericidal activity for the above bacteria cells

was estimated by relative number of bacteria survived

calculated from the number of viable cells which form

colonies on the nutrient agar plates. The Ag/SiO2–TiO2 thin

films had an excellent antibacterial performance. Atomic

absorption spectroscopy (AAS) was used for the quantita-

tive determination of the Ag ion concentration releasing

from the Ag/SiO2–TiO2 thin film. The releasing rate of Ag

ions from the Ag/SiO2–TiO2 film is 0.123 lg/mL during

192 h. The antibacterial effect of Ag/SiO2–TiO2 thin film

before and after aging in a weathering chamber for 48 h was

compared and the results show that the antibacterial activity

is not compromised after weathering.

Introduction

In the living environment, human beings are often infected

by microorganisms such as bacterium, mold, yeast, virus,

etc., especially under moist conditions. Therefore, the

preparation of antibacterial products and investigating its

antibacterial activity is of practical significance. The

ceramic tiles with glazed surface possess excellent deco-

rative and chemical durability, and are widely used in

various areas such as the hospital environment and in every

household. Unfortunately, ceramic tile itself does not have

antibacterial activity and microorganisms easily breed on

its surface, which results in biofilm formation in moist

environment. Because biofilms provide a protected struc-

ture for bacteria growth, the bacteria become less

susceptible to antibacterial agents than their free counter-

parts [1–3]. Several recent studies have focused on the

preparation of antibacterial surfaces to inhibit the biofilm

formation [4–9]. SiO2–TiO2 composite films possess

deodorizing and self-cleaning function under ultraviolet

light. However, its disadvantage is that the band-gap

energy of TiO2 is approximately 3.2 eV, therefore UV

illumination is necessary to photoactivate this semicon-

ductor materials.

Silver (Ag) or silver ions have long been known to be an

excellent and broad-spectrum antibacterial agents [10, 11].

According to researches, it is believed that Ag reacts with

proteins by combing the –SH groups of enzymes, which

leads to the inactivation of the proteins. Feng et al. [12]

studied the antibacterial mechanism of Ag+ on bacteria.

Ag+ makes DNA molecules lose their replication abilities.

Ag-doped materials are chemically durable and release Ag+

for a long duration [13]. If Ag nanoparticles are immobi-

lized in the SiO2–TiO2 composite films on glazed surface

of ceramic tiles, the release time of Ag ions can be delayed
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for a long time so that the ceramic tiles with this film will

be of great potential for antibacterial application. This

excellent antibacterial activity is not restricted by UV

illumination.

Usually, SiO2–TiO2-based composite films on surface of

ceramic tiles were prepared by techniques such as spray

pyrolysis, sol-gel processing, and chemical vapor deposi-

tion (CVD). These methods usually require the cost-

competitive techniques and expensive devices in those

application areas for film deposition. Thus, SiO2–TiO2-

based composite films on ceramic tiles were not easily

achieved using these techniques.

The high level of bacterial resistance obtained by simple

application techniques at low processing costs has results

in commercial interest. In our work, a successful process to

immobilize Ag nanoparticles in TiO2–SiO2 thin film on

glazed surface of ceramic tiles can be achieved by a liquid

phase deposition method (LPD) in a soft-solution at a low

temperature. Deki et al. [14] reported on the synthesis of

composite nanostructured thin films consisting of Au

nanoparticles dispersed in TiO2–SiO2 matrix by LPD

method and the correlations between preparation condi-

tions and microstructures of obtained films. Here, we report

the preparation of Ag-doped TiO2–SiO2 thin films on

ceramic tiles and the investigation of microstructure of as-

prepared films by XRD and SEM. Mainly, the antibacterial

activity of Ag-doped TiO2–SiO2 thin films on glazed

surface of ceramic tiles was also investigated.

Experiments

Preparation and characterization of Ag/SiO2–TiO2 films

The precursor aqueous solution was freshly prepared by

mixing 200 mL ammonium hexafluorotitanate acid

[(NH4)2TiF6] solution (0.2 mol L–1), 200 mL ammonium

hexafluorotitanate acid [(NH4)2SiF6] solution (0.1 mol L–1),

and 400 mL boric acid (0.45 mol L–1) solution as well as

10 mL silver nitrate (1 · 10–2 mol L–1) solution. The

ceramic tiles with glazed surface were cut into pieces of

50 · 50 · 4 mm3 in size and washed ultrasonically with

ethanol and deionized water. The as-cleaned specimens

were immersed into the precursor aqueous solution

and maintained at a constant temperature of 25–30 �C for

18–54 h under dark condition. Then, the specimens were

rinsed with deionized water and dried at ambient temper-

ature. Heat treatment for the deposited films was performed

under air flow for 1 h at various temperatures.

The surface morphology measurements were performed

using a scanning electron microscope (SEM, JEOL JSM-

6300, Japan) equipped with an energy-dispersive X-ray

analyzer, after the surfaces were coated with gold film. The

crystal phase of the as-prepared Ag/SiO2–TiO2 thin film

was identified using an X-ray diffractometer (XRD, Cu Ka,

Rigaku, Japan, k = 0.1541 nm). Data were collected from

10� to 80�, 2h at a scan rate of 4�min–1.

The determination of the antibacterial effect of

deposited films

The antibacterial activities of films obtained against S.

aureus and E. coli were studied using the so-called anti-

bacterial drop-test. S. aureus ATCC6538 and E. coli O157

were used as the experimental bacteria and cultured on the

culture medium at 37 �C for 18–24 h. Cultured bacteria

were added in 10 mL saline solution to reach approxi-

mately the concentration of 108 CFU/mL. A portion of the

saline solution containing the bacteria was diluted to

106 CFU/mL for the ‘drop-method’ antibacterial experi-

ments. The samples were placed in sterilized Petri dishes.

Then 100 lL saline solution with bacteria at a concentra-

tion of 106 CFU/mL was added dropwise onto the surface

of each deposited film, and undeposited piece of ceramic

tiles with glazed surface used as a blank. The surface of the

samples was covered by an antistaling film. The samples

were laid at ambient temperature for 4, 8, 12, 16, 20, and

24 h. After each time period the bacteria containing drops

were washed from the surfaces of ceramic tiles using 5 mL

phosphate buffer solution (PBS) in the sterilized Petri dish.

Then 10 lL of each bacteria suspension was dispersed on

the culture medium. The number of surviving bacteria on

the Petri dishes were counted after incubation for 24 h at

37 �C.

AAS was used for the quantitative determination of the

Ag ion concentration releasing from the Ag/SiO2–TiO2

films. The ceramic pieces with Ag/SiO2–TiO2 film,

50 · 50 · 4 mm3 in size, were immersed in 50 mL doubly

distilled water. The liquids were taken out at designed time

as the samples and the concentration of Ag+ was measured

by atomic absorption spectrophotometer (316 MC,

Shanghai Analytical Instrument Factory, China). The sta-

bility of the Ag/SiO2–TiO2 films was tested in a weather

chamber (Atlas Electric Device Co., Chicago, USA).

During the test, a water spray was activated for 5 min in

30 min cycle. The simulated solar irradiation was directed

at the film’s surface with an intensity of 0.56 w/m2 at

340 nm. After 48 h, the samples were removed and dried at

ambient temperature before being subjected to an anti-

bacterial test. The antibacterial activity of the film after

weathering was then compared to the one before

weathering.
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Results and discussion

Deposition conditions and film properties

The deposition conditions for the preparation of Ag/SiO2–

TiO2 films were examined using pieces of ceramic tiles

with glazed surface as substrates. The thickness of

Ag/SiO2–TiO2 films increased with the increasing of

deposition time and it showed reflection-interference colors

such as silver white, golden yellow, pink, blue, and green,

successively .The films thicker than 300 nm were easily

peeled off after heat treatment. These results were similar

to ours in preparation of TiO2 films described previously

[15]. On the other hand, the films were dark brown in color

below the 500 �C annealing conditions, this is because

SiO2–TiO2 films were not completely densified and Ag+

ions were not completely trapped in the SiO2–TiO2 matrix.

Previous researcher reported that Ag is unstable at low

annealing temperature [16]. The films treated over 650 �C

had brown yellow. But the films treated at 550 �C showed

reflection-interference colors mentioned above. 550 �C

was selected as annealing temperature.

The surface morphologies of as-prepared Ag/SiO2–TiO2

films were examined by SEM (Fig. 1). The film was

directly obtained on glazed surface of ceramic tiles using

deposition process by heat treatment at 550 �C. In mor-

phology of Ag/SiO2–TiO2 film, the metallic Ag

agglomerates to small spheroids (Ag+ to Ag formed during

the annealing process) embedded in the SiO2–TiO2 matrix.

The Ag/SiO2–TiO2 film is homogeneous and constructed

of small particles showing no cracks.

Figure 2 shows the X-ray diffractogram in the 2h range

10�–80�of the Ag-doped SiO2–TiO2 film calcined at

550�C. The diffraction peaks for the anatase phase of TiO2

and Ag have been marked with ‘A’ and ‘Ag’, respectively.

Two distinct diffraction peaks are clearly observed at

ca. 2h = 38.1� and 44.5�, being assigned to (111) and (200)

reflections of Ag, respectively. The other remarkable peaks

are observed at ca. 2h = 25.3�, 48.12�, 53.94�, 55.04�, and

62.74�, being assigned to (101), (200), (105), (211), and

(204) reflections of anatase phase of TiO2, respectively.

There is no remarkable diffraction peak of SiO2 because it

is amorphous. The mean size of Ag particles was estimated

by analyzing the broadening of the (111) reflection. The

mean particle sizes can be calculated by the Scherrer

equation:

D ¼ kk=ðb cos hÞ

where K = 0.89, k = 0.1541 nm, h is the half-diffraction

angle, b is the half-peak width, and D is the diameter of the

crystalline particle. The estimated average crystal size of

Ag particle embedded in SiO2–TiO2 matrix is 90 nm for

the films heat treated at 550 �C for 1 h.

Antibacterial activity of the Ag/SiO2–TiO2 film and

mechanism

Nanometer Ag particles show excellent bactericidal effects

and do not cause adverse health effects [8]. Therefore,

loading the biocompatible SiO2–TiO2 with a tiny amount of

Ag in terms of economic importance and reusability, draws

more and more attention [17, 18]. In the present study, we

examined the antibacterial activity of the Ag/SiO2–TiO2 film

without UV irradiation in comparison with SiO2–TiO2 film.

The antibacterial effects of SiO2–TiO2 and Ag/SiO2–

TiO2 films against E. coli. and S .aureus were evaluated

by antibacterial drop-test, and the results are shown in

Figs. 3–5. In the case of the SiO2–TiO2 thin film, the growth

inhibition effect is about 49% for E. coli, and 42% for

S. aureus after 24 h. However, in the case of Ag/SiO2–TiO2

film, the growth inhibition effect is about 99% for E. coli,

and 90% for S. aureus after 24 h. This reveals that Ag/

SiO2–TiO2 films are more effective antibacterial material

than SiO2–TiO2 films under conditions of without UV-ray

illumination. The significant difference in antibacterial

effects between SiO2–TiO2 and Ag/SiO2–TiO2 films may

be attributed to the difference in antibacterial mechanisms

Fig. 1 SEM images for the as-deposited Ag/SiO2–TiO2 film

Fig. 2 X-ray diffraction patterns of Ag/SiO2–TiO2 film heat-treated

at 550 �C
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between both films. It is the photo-catalytic property of the

SiO2–TiO2 films that makes it to have a sterilizing capa-

bility. Under the illumination of the ultraviolet light from

natural light, the TiO2 can spontaneously decompose posi-

tive-negative, electron e– and cavity h+, which can form the

electron-cavity, the cavities oxidize the OH– and H2O

which are absorbed on the surfaces of the SiO2–TiO2 films

to �OH, which can decompose the cell wall and the cell

membrane of S. sureus and E. coli attached to the SiO2–

TiO2 thin films, the leakage of intracellular molecules will

result in a change in the cell viability. Of the total per-

centage of ultraviolet light from natural light only 5%

results in the lower antibacterial activity.

The antibacterial activity of Ag/SiO2–TiO2 films is

directly related to Ag nanoparticles. For the antibacterial

mechanism of Ag, there are two kinds of theory. The one

advocates that Ag can react with the oxygen dissolved in

the water and generate activated oxygen O which can

decompose the bacteria [19–22]. The other theory holds

that metal silver can react with water and release Ag ions,

and Ag ions combine with sulphydryl in bacteria, resulting

in the blocking of breathing and finally the death of the

bacteria [23]. We performed the Ag+ ions-releasing

experiment and AAS was used for the quantitative deter-

mination of the Ag ion concentration releasing from

Ag/SiO2–TiO2 films in water. Figure 6 shows that the

releasing concentration of Ag ions of the sample stably

increases with the increase in sampling time. The releasing

concentration of Ag ions from the Ag/SiO2–TiO2 film is

0.123 lg/mL during 192 h. These imply that Ag ions are

released from the surface of Ag/SiO2–TiO2 films and these

ions kill the microorganisms. This mechanism implies that

the antibacterial material probably have a limited period of

effectiveness. Therefore, the stability of Ag/SiO2–TiO2

films was carried out in this study.

The stability experiment of Ag/SiO2–TiO2 films was

processed by exposing the antibacterial films to simulated

weathering conditions. After processing simulated weath-

ering with water spray and UV irradiation for 48 h,

Ag/SiO2–TiO2 films were again tested for antibacterial

activity and the viable cell number as a function of time

was monitored. A comparison of antibacterial activity of

Ag/SiO2–TiO2 films before and after weathering is given in

Fig. 7. The results show that the antibacterial activity is not

compromised after weathering.

In the release rate study and the weathering exposure

experiments, the conditions were extreme, while applica-

tion conditions are moderate, so these experiments

accelerate to determine the antibacterial activity of mate-

rials. In fact, the time associated with the ultimate
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Fig. 3 In case of E. coli, relative number of bacteria survived for

SiO2–TiO2 film and Ag/SiO2–TiO2 film
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Fig. 4 In case of S. aureus, relative number of bacteria survived for

SiO2–TiO2 film and Ag/SiO2–TiO2 film

Fig. 5 Test results on E. coli
after 24 h: (a) incubated with

ceramics piece; (b) incubated

with SiO2–TiO2 film; (c)

incubated with Ag/SiO2–TiO2

film
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application of these materials far exceeds the relatively

short duration of some of our tests. The Ag/SiO2–TiO2 film

showed good growth inhibition effect for E. coli as much as

89% after 1 year.

Conclusions

Antibacterial Ag/SiO2–TiO2 thin films have been prepared

on ceramic tiles by a liquid phase deposition method

(LPD). The Ag/SiO2–TiO2 thin films obtained adhered

well, and were homogenous and colored by interference of

reflected light. XRD and SEM experiments indicated that

Ag nanoparticles was completely trapped in SiO2–TiO2

matrix and reduction could be achieved at 550 �C

annealing temperature. Ag/SiO2–TiO2 thin films show high

antibacterial activity eliminating the E. coli and S. aureus.

One reason is that the Ag ion is released from the Ag/SiO2–

TiO2 thin films in a certain extent. The antibacterial

functionality of Ag/SiO2–TiO2 thin films was not com-

promised even after aging in a weathering chamber.

Ag/SiO2–TiO2 thin films are believed to be useful as an

surface of antibacterial ceramic tile.
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