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Due to the low melting temperature, the glazes based on the Bi2O3-B2O3-ZnO system are used as coatings on the surface 

of industrial glass substrates. Moreover, the composition of these coatings does not contain PbO, meeting the optical and 

environmental properties requirements. In this study, TiO2 was used in the Bi2O3-B2O3-ZnO glaze system to improve its 

photocatalytic ability. This can be considered a four – component glass system Bi2O3-B2O3-ZnO-TiO2. The heating 

microscopy results show that the melting temperature of the glaze system is 606 C. The Fourier transform infrared 

spectroscopy results show that the TiO2 polyhedra are located independently in the structure without participating in 

forming a glass network. Thanks to that, the photocatalytic properties of TiO2 are maintained. The X-ray diffraction 

patterns show that the formed TiO2 nanocrystals are rutile and anatase crystals. The results of determining the band gap 

energy using UV-Vis show that the band gap energy of the base glaze system increases with the addition of TiO2. The 

methylene blue decomposition results also showed that the ability to decompose organic increased when TiO2 was added 

to the glaze coating. The characteristics such as melting temperature, microstructure, and photocatalytic capacity of Bi2O3-

B2O3-ZnO-TiO2 white glazes (5 and 10 % weight of TiO2) also were indicated in this paper. 

Keywords: glass coating, Bi2O3-B2O3-ZnO-TiO2, band gap, low melting temperature, photocatalytic ability, heating 

microscope. 

 

1. INTRODUCTION 

The glaze is glass with low melting temperatures to coat 

the ceramic and glass surfaces. When designing glaze on 

glass surfaces, the following properties should be required: 

First, the softening temperature of the base glass must be 

low; second, for environmental protection, the glaze 

component does not contain toxic heavy metals such as 

PbO. The glazes based on the Bi2O3-B2O3-ZnO system can 

satisfy both requirements. 

In the glass structure network of the Bi2O3-B2O3-ZnO 

glass system, B2O3 is the glass network former. Bi2O3, ZnO, 

and TiO2 are network deformers or modified oxides. The 

structured boron oxide (B2O3) glass network is a planar 

consisting of complex cyclic functional groups of boroxolo, 

triborate, pentaborate, or tetraborate. In the boroxolo group, 

the coordination number of the B3+ ion with oxygen is 3. 

With the triborate, pentaborate, or tetraborate functional 

group, the coordination number of the B3+ ion is 

simultaneously 3 and 4. The properties of B2O3 glass are 

very complex because the formation of these functional 

groups is not uniform, even in the single glass composition. 

The structural network of the B2O3 glass is even more 

complicated when it contains modified ions in the 

composition. The basic structural unit of the B2O3 glass is 

the boroxole groups connected via oxygen ions. Modified 

ions cause the glass lattice to be broken, re-associated with 

different functional groups, and change the coordination 

number of B3+. However, it can not determine the number 
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of ions changed coordination number. Part of the [BO3]3- 

group can be converted to [BO4]5- (or B3+ converts from 

coordination number 3 to coordination 4), forming a ring of 

borate glass consisting of groups of three, four, or five B3+ 

ions. It is called triborate, tetraborate, pentaborate [1]. 

Bi2O3 is a modified oxide. The role of Bi2O3 in glass 

networks is complex and unclear because the [BiOn](2n-3)- 

polyhedra are distorted by the lone electron pairs [2]. The 

Bi3+ ions can be partially substituted for B3+ in the glass 

networks as triangles [BiO3]3- and octahedral units  

[BiO6]9-. The glass networks do not form by using only 

Bi2O3 oxide, but if Bi2O3 and B2O3 oxides are melted 

simultaneously in one glass sample, a part of the B3+ ions 

are replaced by Bi3+, creating the glass structure networks. 

The Bi2O3 glass has five fundamental oscillation positions 

at approximately 830, 715, 620, 450, and 350 cm-1 in the 

FTIR spectrum [3 – 5]. Bi2O3 has gained attention recently 

due to its ability to replace PbO in glass products. It is 

widely used in glass ceramics, thermal sensors, mechanical 

sensors, reflective windows, etc. [3, 5, 6]. The ZnO is also a 

modified oxide that reduces the melting temperature of the 

Bi2O3-B2O3-ZnO glass. 

Bismuth (Bi) and Bi2O3 are also chemical compounds 

commonly used in photocatalytic applications. 

A. P. Reverberi et al. investigated the photocatalytic 

application of Bi2O3. The results show that this 

semiconductor can reduce environmental pollution [7]. W. 

Raza et al. synthesized Bi2O3 nanoparticles using the sol-gel 

method. The presence of nano Bi2O3 shows that the 
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absorption spectrum is shifted towards long wavelengths, 

which is very beneficial for absorbing visible light [8]. 

L. Zhang et al. also investigated the photocatalytic ability of 

Bi. At the same time, the research team also proposed 

methods to improve the photocatalytic ability of Bi [9]. 

Nano Bi also shows its photocatalytic ability and is 

promising for creating antibacterial materials [10]. The 

above studies show that Bi2O3 and Bi can also act as 

materials to enhance photocatalytic ability when combined 

with other traditional materials. 

Furthermore, other additives added to the Bi2O3-B2O3-

ZnO base frit can enhance optical properties [11, 12] and 

radiation shielding properties [13, 14]. Glass based on the 

Bi2O3-B2O3-ZnO system has a low melting temperature 

[15, 16], suitable for coating on various industrial glass 

surfaces. The Bi2O3-B2O3-ZnO glaze can be colored by 

mixing with the necessary pigments. For example, the white 

glaze is made by mixing the Bi2O3-B2O3-ZnO based frit 

with the TiO2 pigment. The TiO2 oxide is not only a colorant 

but also increases the chemical stability of the glaze 

[15, 17]. With the addition of TiO2, the glaze has nonlinear 

optical properties [6, 17]. It can be used as a photocatalyst 

for the degradation of environmental cleaning pollutants 

[18 – 20]. 

In this study, the white glazes from the frit and TiO2 

powder (5 and 10 %) were fabricated. The melting point of 

the basic frit was determined by heating microscopy (HM). 

The microstructure was investigated by using X-ray 

diffraction (XRD) and Fourier transform infrared 

spectroscopy (FTIR) methods. The experimental data on 

deleting methylene blue (MB) showed the glaze's 

photocatalysis ability with adding TiO2. 

2. EXPERIMENTAL METHOD 

The chemical compositions of the basic glaze were 

selected by examining the equilibrium phase diagram of the 

ternary system of Bi2O3-B2O3-ZnO with estimated melting 

temperatures according to the phase diagram in the range 

590 – 600 C [3]. The selected compositions were (wt.%): 

73.79 % Bi2O3, 15.24 % B2O3, and 10.97 % ZnO. The frit 

fabricated from these chemical compositions is called the 

basic glaze and is denoted by T0. The basic glaze was added 

to TiO2 powder to fabricate a white glaze. In this study, the 

added TiO2 components were 5 and 10 % weight. These 

white glazes were denoted as T5 and T10. The mixing ratios 

are shown in Table 1. 

Table 1. The chemical compositions calculated from the raw 

mixtures 

Sample 
Weight percent (wt.%) 

Bi2O3 B2O3 ZnO TiO2 

T0 73.79 15.24 10.97 0 

T5 70.28 14.51 10.45 4.76 

T10 67.08 13.85 9.97 9.10 

Each batch of mixtures for T0, T5, and T10 glazes was 

thoroughly mixed and melted at 1200 °C for 90 min in a Pt 

crucible (Fig. 1 a) placed in an L5/13/P330 Nabertherm type 

furnace (Fig. 1 b). It is then quenched in cold water to form 

a new frit (Fig. 1 c). The frit was ground in a planetary mill 

for 120 min to obtain a fine glass powder with sizes passed 

through a sieve with 125 µm (Fig. 1 d). Fig. 1 shows a 

schema of this process. 

 

Fig. 1. The melting and quenching processes of glass frit 

The melting thermal behavior of the basic frit (T0) was 

studied by a Leitz HM with the standard of 

DIN 51730 (1998-4)/ISO 540 (1995-03-15). The device 

used was a Hess Instrument Corporation HM (model 

EM301). The test temperatures were 20 – 1200 C with a 

heating velocity was 10 C/min in the air atmosphere.  

The microstructure characteristics of frits were analyzed 

by using XRD and FTIR. The instrument used for the XRD 

analysis was Bruker's D2 Phaser, the scanning 2θ angle was 

20 – 80o, the scanning step was 0.02o, and the X-ray beam 

was CuKα ray. The instrument used for the FTIR analysis 

was the Nicolet 6700 from Thermo Scientific. The scanning 

wavenumber was 500 – 4000 cm-1, the scanning step was 

0.96 cm-1, and the used binder was KBr. 

The absorbance of the frit samples was determined by 

the UV-Vis method. The UV-Vis analyzer instrument is a 

Lambda 950 from Perkin Elmer. The absorption spectra 

analysis by UV-Vis were the wavelength from 250 – 880 nm 

and a scanning step of 5 nm. The absorbance spectra were 

also used to determine the band gap energy of the frit 

samples. The method of determining band gap energy from 

the absorption spectra was mentioned by Brian D. Viezbicke 

et al. [21]. Accordingly, the graph showing the relationship 

between absorption coefficient and band gap energy is 

shown in Eq. 1: 

(αhυ)n = A(hυ-Eg) = f(E), (1) 

where α is the molar absorptivity; h is the Planck's constant; 

A is the constant; υ is the frequency of light; c is the speed 

of light; λ is the wavelength of light; Eg is the band gap 

energy. The value of n was chosen to be 1/2 for the Bi2O3-

B2O3-ZnO. 

 

Fig. 2. Schematic diagram of the photocatalyst experiment 

The photocatalytic activity of the frit powders was 

detected in the decomposition reaction of Methylene Blue 

(MB) under UV irradiation [17]. The MB was chosen 

because it is a common stable organic dye. Thus, if any 

photocatalyst decomposes MB, that photocatalyst will be 

able to decompose other organic substances. This 

experiment used the frit powder with sizes passing through 

a 125 µm sieve. Place two beakers containing 5 mg of frit/l 

MB solution (96 %) in an airtight container. Turn on the 
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50 W UV lamp (REPTIZOO) at different times. During 

illumination, beakers were magnetically stirred with a 

magnetic stirrer (IKA C-MAG HS) at 250 rpm. The 

experimental setup is shown in Fig. 2. Then, centrifuge the 

MB solution and compare the MB concentration in the two 

beakers to know the photocatalytic ability of the frit 

powders. 

3. RESULTS AND DISCUSSION 

3.1. The melting temperature of the glaze  

HM images identifying shape changes with temperature 

are shown in Fig. 3. The basic frit (T0) softening 

temperature range was 487 – 552 °C, as indicated in Table 2. 

The melting temperature of the frit is 606 C. It is suitable 

for low melting glaze coating on the glass surface. When 

coated at these temperature ranges, a glass product would 

not deform. The glaze would adhere well to the coated glass 

surface. 

 

Fig. 3. The images from the heating microscopy 

The temperatures obtained in Fig. 3 include: The 

sintering temperature was 327 C; the softening temperature 

was 487 C; the sphere temperature was 504 C; the haft 

sphere temperature was 552 C; the flow temperature was 

606 C. The melting point of frit is low and can be used as 

a colored glaze to coat glass surfaces. 

3.2. The functional group composition of glaze 

In the FTIR spectra in Fig. 4 of T0, T5, and T10, there 

were the characteristic bands for symmetric stretching 

vibration of the Bi-O band in [BiO3]3- at 715 cm-1 [22]. That 

also was the stretching vibration of the B-O band in [BO3]3- 

group [5]. The vibrations of the bond characteristics 

between [BO4]5- and [BO3]3- groups were indicated at 

880 cm-1 [22]. The asymmetric stretching vibration of the 

B–O bond in the [BO3]3- group was 1146 cm-1 [5, 23]. The 

intense peak at 690.52 cm-1 was assigned to the Ti–O 

stretching band, which was the characteristic peak of TiO2 

[24]. The characteristic peaks for the bond in TiO2 were very 

weak at 1377 and 1456 cm-1 [25]. The 1648 and 3437 cm-1 

bands can be attributed to water content and some OH- 

groups. It may be due mainly to the KBr disk technique 

since KBr can easily absorb moisture from environmental 

air [23]. The corresponding peaks between T0, T5, and T10 

samples were slightly shifted compared to the references. 

The peaks for the bond in TiO2 were not detected on the 

FTIR spectra of T0. 

Thus, the structural network of the glass samples was 

formed from the coordination polyhedra of [BiO3]3-,  

[BO3]3-, and [BO4]5-. The [BiO3]3-, [BO3]3-, and [BO4]5- 

groups are responsible for the Bi2O3-B2O3-ZnO glass 

system melting at low temperature (606 C), as shown in 

Fig. 3. Y. Liu et al. have shown that the photocatalytic 

properties of TiO2 may be reduced or lost if it is bonded with 

another element [26].  In the  FITR spectrum in  Fig. 4, the 

Ti-O bonds show that TiO2 oxide did not form a glass 

network. TiO2 exists independently in the structure so that 

its photocatalytic properties are maintained. This increases 

the photocatalytic properties of the glass coating. 

 

Fig. 4. FTIR spectrum of T0, T5, and T10 samples 

3.3. The polymorph of TiO2 

The XRD patterns (Fig. 5) indicate that the structures of 

T0, T5, and T10 samples are amorphous. T5 and T10 samples 

also had peaks corresponding to rutile and anatase crystals. 

The characteristics for anatase shown in Fig. 5 were 25.22o, 

38.43o, 47.85o, 53.72o, and 62.63o [27]. For rutile crystals, 

the characteristics were 27.34o, 36.20o, and 54.86o [28]. 

 

Fig. 5. XRD patterns of T0, T5, and T10 samples 

Thus, TiO2 oxide was not entirely vitrified and still 

exists as the anatase and rutile crystals. Estimating the 

crystal sizes using the Sherrer formula [29] showed that the 

crystal size of anatase was 9.58 – 10.21 nm and rutile was 

13.76 – 22.09 nm. In other words, in the T5 and T10 samples, 

the anatase and rutile nanocrystals dispersed in the 

amorphous field of the Bi2O3-B2O3-ZnO basic glass system. 

The anatase and rutile nanocrystals influence the 

photocatalytic applicability of this glass system. 
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3.4. Ability to absorb light and the band gap energy 

Fig. 6 is the UV-vis absorption spectrum of the frit 

samples. Compared with T0 sample, T5 and T10 samples 

were changed very complexly regarding absorption 

capacity. Absorption capacity can be divided into three 

regions: (1) ultraviolet, (2) Visibility from 380 – 550 nm, 

and (3) visible from 550 – 780 nm. 

 

Fig. 6. Absorbance spectrum of T0, T5, and T10 samples 

The presence of Ti3+ ions and the Ti3+/Ti4+ ratio affect 

the absorbance, but they were not determined in these 

experiments. In literature, Duffy [30] showed that the 

influence of TiO2 on optical properties was dominated by 

the molar electronic polarization of the Ti4+ ions. Usually, 

the Ti4+ ion had greater electron polarization than other 

components of the base glass [31]. Absorbance was in the 

visible region from 380 to 780 nm. It varied according to 

TiO2 content, and the ratio of the Ti3+/Ti4+ ions. Glass that 

does not contain the Ti3+ ions would produce a blue to violet 

color [32]. The charge of the Ti4+ ions increases with 

increasing TiO2 content [32 – 34], giving the glass a yellow 

color. 

Thus, the TiO2 oxide dramatically affects the optical 

properties of the basic frit system. The gap band energies 

(Eg) of T0, T5, and T10 samples were calculated to clarify this 

effect. The second derivative equation of the function f(E) 

(1) has been established (Eq. 2). The root of this equation is 

the coordinates of the inflection point of the function f(E). 

The intersection of the tangent of the function f(E) at the 

inflection point and the horizontal axis is the value Eg. The 

calculated results of Eg from the absorption spectrum in 

Fig. 7 show that the band gaps of T0, T5, and T10 samples are 

2.098, 2.478, and 2.695 eV, respectively. 

f’’(E) = 0. (2) 

In some previous studies [17], TiO2 reduced the band 

gap energy of the basic glass. The low Eg in the literature 

could be explained by a large amount of network modifier 

species variations in the coordination environment of TiO2 

oxide [12]. The reason was that TiO2, as a modified oxide, 

creates structural errors. As a result, the conduction and 

valence band gap has been narrowed. The expression of 

TiO2 involved in glass structure formation as TiO2 crystals 

was not detected on XRD patterns. In this study, anatase and 

rutile nanocrystals were distributed in the amorphous field 

of the Bi2O3-B2O3-ZnO glass, as shown in the XRD 

samples. 

 

Fig. 7. The band gap energies of T0, T5, and T10 samples 

The bandgap energy has increased compared to the base 

glass. That was 2.478 eV for 5 % TiO2 and 2.695 eV for 

10 % TiO2 compared to 2.098 eV for 0 % TiO2. In the 

literature, this phenomenon can be explained by the 

nanoparticle size or the tunneling effect [35 – 37]. 

3.5. Ability to decompose methylene blue 

The Eg values of T0, T5, and T10 glass samples indicated 

their photocatalytic ability. MB decomposition experiment 

with these glasses was performed to demonstrate the 

photocatalytic ability. Fig. 8 shows the results of the MB 

decomposition at different times. 

 

Fig. 8. The decomposed MB concentrations under the UV 

irradiation over time 

The MB decomposition of the T0 sample was very poor, 

although its Eg is smaller than that of the T5 and T10 samples. 

The best MB decomposition was that of T10 sample, 

although its Eg was higher than that of the T5 and the T0 

samples. It could be explained by the photocatalytic reaction 

and the ability to excite the electron to the conduction band. 

It was also able to conduct this electron to the reaction 

region. In this respect, anatase and rutile nanocrystals of T5, 

T10 performed better than T0 sample.  

The decomposition of organic matter by TiO2 can be 

explained as follows. When TiO2 is excited, electrons jump 

from the conduction band to the valence band. Holes (h+) 
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and electrons (e-) will form. They will ionize water and 

oxygen in the air. The •OH and •O2
- ions will create the 

ability for TiO2 to decompose organic matter. The above 

process can be described in Fig. 9. 

 

Fig. 9. Photocatalytic mechanism of TiO2 

4. CONCLUSIONS 

A white glaze based on the Bi2O3-B2O3-ZnO-TiO2 

system was made by the conventional melting and 

quenching technique. These glazes had low melting points 

and could be used as a color under the glaze to coat glass 

surfaces. In other words, Bi2O3 can completely replace PbO 

as a colored glaze with a low melting temperature, only 

about 600 C. The study of its photocatalytic characteristics 

was demonstrated by the MB decomposition. The 

experimental results show that the Bi2O3-B2O3-ZnO-TiO2 

glaze coating could be self-cleaning in the environment due 

to the decomposition of organic substances on the surface. 

Furthermore, with TiO2 in the composition and a relatively 

low Eg value, approximately that of a semiconductor, the 

bactericidal ability of this type of glaze is entirely possible. 

Among the components, the TiO2 nanocrystals played a 

decisive role in photocatalytic performance. In addition to 

its effect as a low-melting temperature glaze, the Bi2O3-

B2O3-ZnO-TiO2 glass material can be used as a 

photocatalyst. 
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