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Lead-free Bi,Os - B,0s - ZnO glass is a commonly synthesized glass system at low temperatures for coating applications for
materials such as ceramic, glass, metal, etc. TiO, or Ag/TiO, composite are usually photocatalyst for antimicrobial application.
In this study, TiO, or Ag/TiO, were combined with the Bi,O; - B,O; - ZnO glass system by the technique of rapid cooling of
molten glass at 1200°C. The influence of the TiO, or Ag/TiO, on the optical characteristics of the Bi,Os - B,0; - ZnO glass
system was performed by using X-ray diffraction, Fourier Transform Infrared Spectroscopy, and Ultraviolet-Visible
Spectroscopy techniques. The analytical results showed that the band gap energy of the Bi,O; - B,O; - ZnO glass system had
a low value. The band gap energy of the system increased with the addition of TiO, and decreased slightly with the addition
of Ag/TiO;,. In addition, when Ti,O or Ag/TiO, were added, the glass system appeared crystals such as anatase, rutile and silver
oxide on an amorphous background. These crystals cause the system's transmittance to decrease and reflectance to increase.
However, the appearance of these crystals promises that Bi,O; - B,O; - ZnO glass materials can be applied as antibacterial
materials. The antibacterial property is due to the photocatalytic effect of TiO, and the ability to kill bacteria Ag,O.

Keywords: Bi,Os- B,0s- ZnO, Ag/TiO,, photocatalyst, antimicrobial application.

Introduction anatase) [8]. Therefore, the addition of TiO, to the
glass not only improves chemical stability [9] but also
The Bi,05 - B,O; - ZnO glass system (BBZ) is a kind increases the photocatalytic ability of its. However, one

of glass synthesized at low temperatures [1, 2]. In the lack of TiO, is that photochemistry is difficult to activate
structure network of the BBZ, the [BO,]*™*" may create with visible light hinders its application. D. Ning et
coordinated polyhedral and takes on the task of creating al. showed that doped some precious metals could
the glass network oxide. The [BiO;]*~ units and [BiOg]” improve the photocatalytic ability and antibacterial
octahedral can also play a role in the formation of the effect [10]. Transition metals, precious metals are
glass lattice. ZnO plays a role in increasing the glass's usually doped in TiO, crystal lattice and combined with
stability and making the glass system easy to shape. semiconductor materials with narrow band gap can
BBZ has been researched and applied as a shielding create materials more sensitive to visible light, increase
material for gamma, transparent dielectric layer, photonic their photocatalytic efficiency. Among these metals,
applications, etc [3-5]. Because the low glass forming silver is cheaper and can be used as a visible sensitive
temperature is one of the important properties of the material for photocatalytic activity [11]. Silver nano-
BBZ, its common application is a coating on different particles on semiconductors providing better electron
surfaces [6]. To diversify the applicability, some studies transport would effectively improve photocatalytic activity
have added other elements to the BBZ to improve its [12]. In addition, due to its antibacterial properties and
properties. low toxicity, metallic silver and oxide silver have long
TiO, is known as a material with a photocatalytic been considered effective antibacterial agents [13].
effect and biologically benign. Therefore, TiO, is often Therefore, silver doping with TiO, promises to increase
applied to treat toxic substances that cause pollution in the antibacterial ability of TiO,. Besides, doping silver
the environment [7]. TiO, exists in different polymorphs with TiO, also makes silver chemically stable and
such as rutile, anatase, brookite, etc. The band gap (E,) releases silver ions more slowly.
of TiO, is large (~3.0 eV of rutile and ~3.2 eV of As mentioned above, the BBZ is a low-temperature
glass system that can be applied as coatings for ceramic,
*Corresponding author: glass, and metal. When doped with TiO, and silver into
EZL igj:gggg} 2421(3) the glass l_)ase can also control t_hf: energy .o.f the t_Jand
E-mail: kieudotrungkien@hcmut.edu.vn (Kieu Do Trung Kien), gap, making glass more sensitive to visible light,
mnh_doquang@hcmut.edu.vn (Do Quang Minh) increasing the photocatalytic efficiency and antibacterial
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properties. In this study, the optical properties of the
BBZ were investigated when combined with TiO, and
Ag/TiO,. The change in optical properties of the BBZ
was studied by using X-ray diffraction, Fourier Transform
Infrared Spectroscopy, and Ultraviolet-Visible Spectroscopy
methods.

Materials and Methods

The chemical composition of the BBZ was chosen by
considering the equilibrium phase diagram of the ternary
system of the BBZ [14]. The selected basic chemical
compositions were (% wt.): 73.8% Bi,0s, 15.3% B,0;,
and 10.9% ZnO. TiO, and Ag/TiO, were added into the
basic glass compositions according to the ratios given
in Table 1. The raw materials used in this study are
also presented in Table 1. The samples were fabricated
as shown in Fig. 1. The raw materials were mixed. The
mixtures were formed into glass by using conventional
melt quenching techniques. The muffle furnaces (L5/
13/P330 Nabertherm model) was used to melt each
batch of this glassware in a Pt crucible at 1,200 °C for
90 minutes. The heating rate was 5°C/min. Glasses
after vitrifying were milled in a planetary mill for 2

Table 1. The raw materials and chemical compositions of glass
samples

Supply Samples (Yow.t)
Oxide T A, TsA) TsA; TipAg TioA,
BisO(OH)s (NO3), BihO; 738 738 738 738 7338

Raw materials

H;BO; B,O; 153 153 153 153 153
Zn0 ZnO0 109 109 109 109 10.9
TiO, TiO,” 0 5 5 10 10
AgNO; Ag? 0 0 1 0 1

(*) According to 100% by weight of base glass.

hours to obtain a fine glass powder with sizes passed
through a sieve with 125 pm.

The optical properties of the glasses were measured
by UV-Vis reflectance spectroscopy. The model was
used Lambda 950 of Perkin Elmer. The UV-Vis analysis
condition was wave range from 250-880 nm, the step
of 5 nm. The thickness of the samples was 1 cm. From
the UV-Vis results, it is possible to calculate the band
gap energy of the formed glass by formula (1). The
relationship between band gap energy and absorption
coefficient a is shown in formula (1) [15]. Where a is
molar absorptivity, # is Planck’s constant, v is the
frequency of light (v = c/A), c is the speed of light, A
is the wavelength of light, B is constant, E, is band
gap energy. According to previous study, the optical
properties of the BBZ exhibit an indirect band gap.
Therefore, the value of m is chosen to be 1/2 for the
BBZ [16].

(ahv)™=B(hv - E,) (1

To determine the band gap energy, the graph and
functional eq. (2) are determined from the results of
UV-Vis spectroscopy.

(ahv)™ = f(E) ()

The E value of the function (2) is determined from
UV-Vis results according to formula (3). The value of
absorption coefficient o of function (2) is determined
from UV-Vis results and Beer — Lambert's equation
according to formula (4). Where A is the absorbance
and is determined on the UV-Vis spectrum, | cm is the
thickness of the sample.

E = he/A 3)
o = 2.303A/1 @)

The platinium -
crucible -l
o~ , White frit
Quenchmg powder
glass frit

Furnace
Nabertherm

Fig. 1. A diagram of the prototyping process.
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The inflexion point of graph (2) is determined by
solving the second derivative eq. (5). Then, construct a
tangent equation to the function (ahv)™ = f(E) at the
inflexion point. The intersection between the tangent
equation and the X-axis is the value E,.

f?(E) =0 ®)

The microstructure characteristics of these glasses
were analyzed by using X-ray diffraction (XRD) methods,
Fourier Transform Infrared Spectroscopy (FTIR). The
XRD analyzer was a D2 Phaser model of Bruker. The
XRD analysis condition was scanning 2theta degree
from 20-80°, scanning step of 0.02°, and use Cu K,
radiation (A = 0.154 nm). The FTIR analyzer was the
Nicolet 6700 model of Thermo Scientific. The FTIR
analysis condition was scanning wavenumber from
450-2000 cm™" and scanning step of 0.96 cm™.

Results and Discussions

Fig. 2. shows transmittance spectrum of glass samples
after vitrifying at 1,200 °C for 90 min. The results of
the transmittance spectrum in Fig. 2. showed that the
background glass (sample TyA,) had the highest
transmittance. This property demonstrated the optical
transparency of the BBZ. However, with the addition of
TiO, to the base glass (TsA, and TjpA,), the transmittance
of the glass system decreased. The transmittance of the
system continued to decrease with increasing TiO,
content from 5% to 10%. When Ag/TiO, was added to
the base glass system (TsA; and T1pA;), the transmittance
decreased compared with the sample only adding TiO,.

Effect of the band gap on the transmittance

V. Anand et al. showed that the transmittance of glass
decreases due to the reduction in band gap energy of
glass [17]. Fig. 3. and Fig. 4. plot between (ahv)"? and
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Fig. 2. The transmittance spectrum of glass samples.

energy used to determine the band gap energy of the
glass samples from the UV-Vis spectrum. The Dose-
Response model has been selected to build the regression
equation passing through the points represented on the
graph. The intersection between the X-axis and the
tangent line at the inflexion point of the regression
equation helps determine the glass sample’s band gap
energy value. The band gap energy results in Fig. 3.
and Fig. 4. showed that the band gap energy of the
BBZ had a low value (2.098 eV).

When TiO, or Ag/TiO, was added, the band gap
energy of the glass system was increased compared to
the base glass system. With the glass samples only adding
TiO,, the band gap energy was increased to 2.478 eV
(TsAg) and 2.695 eV (T1pAo). With the glass samples
supplemented with Ag/TiO,, the band gap energy was
slightly reduced to 2.337 eV (TsA;) and 2.642 eV
(T10A;). This study's band gap energy determination
results show that the band gap energy was increased
when TiO, or Ag/TiO, was added to the basic glass.
Therefore, it could be seen that, in this case, the change
band of gap energy was not the cause of the decrease in
optical transmittance of the BBZ glass system.

With the glass samples only adding TiO,, Fig. 3.
showed that the addition of TiO, to the BBZ prolonged
the band gap energy of the basic glass system. The
increased band gap energy with the addition of TiO,
could open up applications as photocatalysts for these
materials. When TiO, receives radiation energy, the
electron hopping from the valence region to the conduction
region will help to form holes (h") and electrons (e").
The hole (h") will ionize water molecules to form
(*OH) and the electron (e”) will ionize oxygen to form
(*O*) [18]. The reaction between these ions with
organic radicals in bacteria will create an antibacterial
material.

Fig. 4. also showed that when Ag/TiO, was added to
the BBZ, the band gap energy decreased slightly
compared to the case of adding only TiO,. The band
gap energy of samples supplemented with 5% TiO, and
1% Ag was decreased from 2.478 eV to 2.336eV, the
band gap energy of samples supplemented with 10%
TiO, and 1% Ag was decreased from 2.695 eV to
2.642 eV. Silver reduces the band gap by creating traps
between the conduction and valence bands. Reducing
the band gap energy can reduce the photocatalytic
performance of the BBZ. However, the addition of
silver to the glass composition promises to improve the
bactericidal ability of glass [13]. The band gap energy
change explained by the interaction between Ag, TiO,,
and the base glass can be observed by FTIR spectral
analysis.

Fig. 5. shows the FT-IR spectrum of the glass samples
after vitrifying at 1,200 °C at different compositions.
The FTIR spectra of ToAq in Fig. 5. showed that the
vibrations such as 1,643 cm™' was typical for the -OH
group; 877 cm™' was a characteristic of planar [BiOs]*";
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1279, 609 cm™ were typical for planar [BO;]*"; 1144,
607 cm™' were typical for tetrahedral [BO,]*"; 435 cm™
was typical for the ZnO group [19-22]. The [BOsJ’,
[BO4]™, [BiOs]*, and [BiO4]’~ groups were the basis
for forming the glass lattice in the BBZ. Bi,O; and
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B,O; were also why the BBZ glass system could be
formed at low temperatures.

With the glass samples only adding TiO,, besides the
characteristic vibrations of the BBZ, the FTIR spectrum
of TsA, and TA, also appeared to vibrate at wavenumber
position 1,456-1,465 cm™ and 1,057 cm™. These vibrations
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Fig. 5. The FTIR spectrum of the glass samples.

are characteristic of the Ti-O-Ti bond and the Bi-O-Ti
bond [19,23]. The Ti-O-Ti bond demonstrated the
presence of TiO, distributed in the base glass. As
mentioned in Fig. 3., the band gap energy of the BBZ
increased when TiO, was added to the composition.
This result is contrary to most previous studies on the
addition of TiO, to the base glass [24,25]. In this
study, TiO, content was used in a large amount (5-10%
compared to 0-2% TiO, of previous studies). The
vibrations of Bi-O-Ti and Ti-O-Ti simultaneously
appeared on the FTIR spectrum, indicating that TiO,
not only participates in binding with bismuth to form
glass but also exists in free form. The free TiO,
extended the band gap of the BBZ. With the additional
samples Ag/TiO,, the wavenumber at 702-708 cm™ on
the FTIR spectrum of TsA; and TjyA; has an absolute
intensity higher than other samples. This wavenumber
position corresponds to the position of the Ti-O-Ag
bond [26]. The Ti-O-Ag bond causes an additive effect
to increase the intensity of the vibration at 702-708 cm ™.
The interaction between Ag and TiO, formed the Ti-O-
Ag bond. The formed bond has reduced the band gap
energy of the BBZ, as shown in Fig. 3. and Fig. 4.

Effect of the formed crystals on the transmittance

Besides the band gap energy, the transmittance of the
glass is also affected by the number of crystals in the
base glass. The reflectance analysis results in Fig. 6.
showed that the reflectance increased when TiO, or
Ag/TiO, were added to the BBZ. When adding Ag/
TiO, to the system, the reflectance increased more
strongly than adding only TiO,. This result implied that
the crystal could be formed when adding TiO, or Ag/
TiO,. To clarify this issue, the XRD analysis method
was used to evaluate the phase composition of the glass
samples.

Fig. 7. shows the XRD pattern results of the glass
samples after vitrifying at 1,200 °C. The XRD patterns
showed that in all samples, a large diffraction area of
the amorphous phase has appeared from 20 to 40° [3].
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Fig. 6. The reflectance spectrum of glass samples.
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Fig. 7. The XRD patterns of glass samples.

This result demonstrated that there was glass formation
in all ingredients at 1,200 °C vitrifying temperature.
The XRD result of ToA, showed no appearance of
crystal peaks. The main phase was the amorphous
phase. For samples with TiO, or Ag/TiO,, amorphous
was still the main phase appearing on the XRD
patterns. However, besides the amorphous phase, the
XRD patterns of these samples also appeared crystals.
The crystals formed include anatase, rutile and Ag,O.
These crystals caused the higher reflectance of the
T5A0, T5A1, T]()Ao, and T]()A] than the T()AO sample, as
mentioned in the results in Fig. 6.

Q. Chen et al. showed that added TiO, with a low
content would participate in the glass forming process,
and the XRD pattern wouldn’t appear peak of the TiO,
crystal [25]. In this study, with 5% and 10% TiO, used,
the XRD pattern of glass samples containing TiO, (in
Fig. 7.) appeared diffraction peaks representing anatase
(R060277) at diffraction positions 25.22°, 38.43°, 47.85°,
53.72°, and 62.63° [27] and rutile (R060745) at the
diffraction position 27.34°, 36.20°, and 54.86° [28]. The
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formed anatase and rutile crystals proved that TiO, not
only participated in glass formation but also formed
free crystals distributed on an amorphous background.
Anatase and rutile are two minerals with high band gap
energy. Therefore, anatase and rutile created an additive
effect to increase the band gap of the BBZ. Anatase
and rutile are also photocatalytic minerals. The presence
of these two minerals will also open the possibility of
photocatalysis for glass. The BBZ with a large amount
of TiO, added can be applied as a bactericidal glass.

For samples using silver (TsA; and TyoA,), the XRD
patterns in Fig. 7 showed the presence of Ag,O. Ag,O
(JCPDS 41-1104) was shown at the diffraction positions
of 26.7°, 32.8° 38.1° and 54.9° in Fig. 7 [29]. As
analyzed, the FTIR spectrum (Fig. 5) of TsA; and
T10A appeared vibration corresponding to the Ti-O-Ag
bond. This binding demonstrated that silver bound to
titanium and reduced the band gap energy (Fig. 4).
However, the amount of silver did not react completely
but was oxidized under temperature to form Ag,O. So,
the XRD patterns showed the presence of Ag,O. The
free Ag,0O present in glass will also promise to improve
the bactericidal ability of this material.

Conclusion

This study used the base glass composition of 73.8%
Bi,0; - 15.3% B,0; - 10.9% ZnO (%w.t) to investigate
the optical properties when adding TiO, or Ag/TiO,. In
the amorphous state on the XRD patterns, the bonds of
[BOsJ*, [BO4], [BiO;]*, and [BiOg]*" on the FTIR
spectrum proved to be possible to make the BBZ at
1200°C for 90 minutes. When TiO, or Ag/TiO, were
added to the matrix glass, the XRD and FTIR results of
the samples also showed that TiO, and Ag not only
participated in glass formation but also formed anatase,
rutile and Ag,O crystals distributed on the amorphous
background. These crystals have increased reflectance
and reduced transmittance of the base glass. Calculating
the band gap of the glass systems from the UV-Vis
spectrum has shown that the band gap energy of the
background glass system is low (2.098 eV). The band
gap energy increased with the addition of TiO, (2.478
eV of 5% TiO, and 2.695 eV of 10% TiO,). The band
gap energy decreased slightly with the addition of Ag/
TiO, (2.336 eV of 1% Ag/5% TiO, and 2.642 eV of
1% Ag/10% TiO,). The presence of anatase and rutile
increased the band gap energy of the increased glass
system. Thanks to the photocatalytic properties of
anatase, rutile and the bactericidal ability of free Ag,0O,
the BBZ combined with TiO, or Ag/TiO, can be applied
as a low-temperature surface coating material antibacterial
ability.
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