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Materials exhibiting photocatalytic properties have garnered considerable attention for diverse applications,
including degrading toxic organic compounds, disinfection, and developing self-cleaning surfaces. This study
focuses on the synthesis of coatings based on TiO; and TiO,-SiO,, accomplished through the sol-gel method
using Tetra-n-butyl ortho titanate and Tetraethyl orthosilicate precursors, followed by calcination at 500 °C.
The phase compositions of the resulting coatings were assessed using Fourier transform infrared spectroscopy
(FTIR) and X-ray diffraction (XRD). The band gap energy was quantified through UV-Vis spectroscopy. The
photocatalytic efficacy was examined by assessing the inhibition of Escherichia coli bacteria and the decom-
position of the methylene blue solution. The adhesive capability of the coating to the ceramic tile substrate
was evaluated via scanning electron microscopy. The outcomes reveal that the primary phase components of
the coatings consist of anatase and rutile. The introduction of SiO; in conjunction with TiO, demonstrates a
mitigating effect on the photocatalytic performance and organic matter decomposition compared to pure TiO;.
Nevertheless, this reduction is marginal, and SiO, positively influences enhancing the adhesion of the TiO,

coating to the ceramic substrate material.
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1. Introduction

TiO; is a semiconductor characterized by a wide band gap
and transparency, rendering it a staple in various indus-
tries, including wall paint, paper, pigments, cosmetics, etc.
Beyond its conventional applications, TiO, possesses note-
worthy photochemical and super-hydrolysable properties
at the nanoscale [1]. The photochemical attributes of TiO;
were initially unveiled by Fujishima [2] in the late 1960s,
and in 1995, Sakai et al. [3] further discovered the phe-
nomenon of super hydrolysis, unlocking critical applica-
tions. Such robust redox characteristics endow TiO, with
versatility across various domains. TiO, plays a role in

the sustainable degradation of hazardous substances, in-
cluding toxic organic compounds, viruses, and bacteria [4].
TiO, exists in three allotropes: Anatase, brookite, and rutile
[5]. Anatase and Rutile are the most prevalent among these.
Anatase is renowned for its photocatalytic attributes, partic-
ularly under UV ultraviolet radiation. Rutile is commonly
employed in producing refractory ceramics, pigments, and
other applications [6-8]. Rutile powder is a whitening
agent in paper, plastic, paints, and glazes [9-11].

Due to its photochemical capabilities, TiO, is an ad-
vantageous coating for enhancing the surface properties
of various materials. Beyond its photochemical attributes,


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.6180/jase.202503_28(3).0004

460 Kieu Do Trung Kien et al.

TiO, coatings also exhibit a pronounced superhydropho-
bic effect [12]. This effect imparts self-cleaning properties
to surfaces coated with TiO,. When applied as a coating
for ceramic glaze, TiO; plays a crucial role in preventing
fading caused by rainwater. This underscores the poten-
tial of TiO, coatings, particularly in ceramic glaze. TiO;-
coated ceramic glazes maintain their color integrity and
boast self-sterilizing and self-cleaning capabilities, owing to
the combined influence of their photochemical properties
and super-wetting characteristics.

Nevertheless, TiO, coatings often exhibit poor surface
bonding, leading to peeling and a subsequent loss of pho-
tocatalytic efficacy over time. Addressing this challenge,
numerous studies have sought to enhance the adhesive
properties of TiO, on substrates. Zhang and Lei [13] inves-
tigated the amalgamation of TiO; and Fe,O3 to augment
adhesion to metal surfaces. Results indicate that the TiO,-
Fe, O3 film adheres effectively to metal surfaces without
significantly compromising the photocatalytic prowess of
TiO,. With a plastic substrate, Neti and Joshi [14] blended
TiO, with cellulose and applied it as a coating on an acrylic
plastic base. The findings similarly indicate improved adhe-
sion between the coating and the substrate while retaining
TiO, properties. Kien et al. [15] combined TiO, with the
BiyO03-B»03-ZnO glass system to pursue enhanced coat-
ing adhesion. This resultant coating system possesses a
low melting temperature, facilitating robust bonding with
the glass substrate while maintaining photocatalytic and
bactericidal properties.

In the present study, TiO, and TiO;-SiO; coatings were
synthesized using TiO; and SiO; sols. Fourier Transform
Infrared Spectroscopy and X-ray diffraction methods were
employed to assess the resulting coating’s functional group
composition and phase composition. The coating’s ability
to bond with the ceramic substrate was examined through
scanning electron microscopy. The photocatalytic and bac-
tericidal capacities were evaluated by assessing the coat-
ing’s capability to decolorize methylene blue solution and
combat Escherichia coli bacteria on agar plates. Numer-
ous studies have been conducted on the photocatalytic
properties of TiO; and the combination of TiO,-SiO,. How-
ever, within the context of our research, there has been
no investigation into the properties of TiO, and TiO,-5i0,
synthesized from TiO, and SiO, sols at 500 °C. This tem-
perature coincides with the softening range of the tile glaze,
making it suitable for coating TiO; and TiO,-SiO; onto tile
surfaces.

2. Experimental procedures

2.1. Materials and experimental diagram

TiO; and TiO,-SiO; coatings were formulated using TiO;
and SiO; sols. The TiO; sol was synthesized from Tetra-n-
butyl orthotitanate (Ti(OCH(CHj3)z)4), while the SiO; sol
was synthesized from Tetraethyl orthosilicate (Si(OCyHg)4).
The sol synthesis process for TiO, and SiO, followed the
procedures outlined in the Kien et al. [16]. All chemicals
used in the study were procured from Merck. The specimen
exclusively employing TiO; sol was denoted as T100. The
specimen incorporating 90% TiO, sol and 10% SiO, sol was
labeled T90. The properties and adhesion of TiO, and TiO;-
SiO, coatings to ceramic tile substrates were subsequently
analyzed, as illustrated in Fig. 1.
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Fig. 1. A diagram of the prototyping process

TiO, and SiO; sols were dried at 100 °C and calcined at
500 °C to produce TiO, and TiO;-SiO; coatings. The result-
ing sintered product was finely powdered and subjected to
X-ray diffraction and Fourier infrared transform analyses
to assess mineral composition and functional groups. The
coatings’ band gap energy was determined utilizing the
UV-Vis method. The ability to decompose organic matter
was evaluated through methylene blue solution decomposi-
tion, while antibacterial efficacy was assessed by inhibiting
Escherichia coli bacteria on agar plates. The adhesion capa-
bilities of TiO, and TiO,-SiO, coatings were investigated
by applying them to the surfaces of ceramic tiles measuring
50 x 50 mm. Subsequently, the tiles underwent drying at
100 °C followed by sintering at 500 °C. The adhesion of
the coating post-sintering was examined using a scanning

electron microscope.

2.2. Determine function groups

The functional group composition of the TiO,-5iO, coating
after sintering at 500 °C was assessed using the Fourier
transform infrared (FTIR) method. Functional groups are
crucial in evaluating coating formation and adhesion to the
ceramic substrate. The FTIR analysis used a Bruker—-Tensor
37 instrument with KBr as the binder. The scanning fre-



Journal of Applied Science and Engineering, Vol. 28, No 3, Page 459-467 461

quency was set at 10 kHz, spanning the range from 4000 to

300 cm~! and employing a scanning step of 0.96 cm 1L,

2.3. Determine phase compositions

X-ray diffraction (XRD) analysis was employed to deter-
mine the mineral composition. The XRD analysis uti-
lized a Bruker—-D8 Advance instrument with Cu, radiation
(1.54184A). The analytical range spanned from 20 to 80°,
with a scan step of 0.02°. The resulting phase composi-
tion was calculated based on the XRD patterns, employing
Eq. (1) for this purpose.

oc = 5C
%C = o 1)

The Eq. (1) provided calculates the percentage of crystals
(%C), where %C is determined by the ratio of the crystalline
area to be calculated (S) to the total crystalline area (XS).

2.4. Determine the band gap energy

The band gap energy of the TiO,-S5iO, coating was deter-
mined using the UV-Vis method. The UV-Vis analyzer
employed for this purpose was Jssco V550 UV /VIS. The
relationship between the absorption coefficient (¢) and the
band gap energy (Egg) is expressed by Eq. (2) [17, 18].

(ahv)™ = B (o — Eg) ~ f(E) @)

4 2.3(;3 A 3)

Where a is molar absorptivity and calculated according

to Eq. (3). A is constant, & is Planck’s constant, v is the
frequency of light, A is the wavelength of light, Eg is band
gap energy, c is the speed of light, | = 1 is is the thickness of
the sample, and the exponent m =1/2 [19, 20].

2.5. Determine to decompose organic matter ability

The assessment of the organic matter decomposition was
conducted by examining the decolorization of methylene
blue trihydrate (C14H;3CIN3S-3H,O — MB). MB solution is
known for absorbing characteristic light at a wavelength
of 664 nm. The extent of light absorption at 664 nm is
directly correlated with the concentration of MB solution.
Hence, the concentration of MB in the solution can be accu-
rately determined by measuring its light absorption at 664
nm. UV-Vis spectroscopy is commonly employed for this
purpose.

A quantity of 25 mg of TiO,-SiO, powder was dispersed
in 10 mL of a BM solution with a concentration of 50 mg/L.
The mixture was subjected to illumination under a 40 W
compact lamp with a light wavelength ranging from 400
to 600 nm. Samples were illuminated at 1, 5, 10, 20, and
30 hours. The concentration of the MB solution after dif-
ferent digestion times was determined using the UV-VIS
spectrum.

2.6. Determine antibacterial ability

The antibacterial capability was assessed by inhibiting the
growth of Escherichia coli (E. coli) bacteria. If a compound
can inhibit the growth of E. coli bacteria, it is likely to exhibit
similar inhibitory effects on other gram-negative bacteria.
The antibacterial testing steps for E. coli are conducted
in accordance with ISO 20776-1:2006 standards and are
summarized briefly as follows:

- Prepare E. coli ATCC 25922 Bacteria: Follow estab-
lished standards to prepare a culture of E. coli ATCC 25922
bacteria. This strain is commonly used as a reference in
microbiology.

- Prepare Antibacterial Solution: Create a solution con-
taining antibacterial substances at two different concentra-
tions: 310 ug/mL and 160 ug/mL.

- Prepare Agar Plates: Mix Mueller-Hinton agar plates
with solutions containing TiO, (titanium dioxide) and TiO,-
SiO; (titanium dioxide-silicon dioxide).

- Inoculate Bacteria: Place the prepared E. coli bacteria
onto the agar plates.

- Incubate: Incubate the agar plates at 37 °C for 20 hours.
Maintain continuous compact fluorescent lighting during
incubation.

- Observe Growth: After incubation, check and observe
the growth of E. coli bacteria in the test samples.

2.7. Determine to bond with ceramic tile substrate ability

The adhesion of the coating to the surface was assessed
using the scanning electron microscope (SEM) method. The
analysis was conducted using a Hitachi — S4800 microscope
at a voltage of 10 kV, with a magnification of 300 times.

3. Result and discussions

3.1. Functional group composition

After sintering at 500 °C, the structural analysis of the mix-
tures was conducted using the FTIR method. Fig. 2 illus-
trates the FTIR analysis results for samples with and with-
out SiO,. In the T100 sample, representing the component
without SiO,, vibrations were observed at wavenumbers
3235, 2345, 1636, 648, and 625 cm™L. In the T90 sample,
corresponding to 10% TiO; sol, vibrations were detected
at wavenumbers 3425, 1629, 1059, 928, 649, and 622 cm !
[21-23].

The FTIR spectrum indicates the formation of Ti-O-Ti
bonds in both samples, which are characteristic bonds of
TiO, formed after sintering at 500 °C. In the T90 sample,
in addition to the TiO, bonds, Si — O — Si and Ti — O — Si
bonds are also evident. The Ti — O — Si bonding appears
when SiO; sol and TiO, sol are sintered at 500 °C, form-
ing a bond between Ti and Si through an oxygen bridge.
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Fig. 2. The FTIR spectrum of TiO; (T100) and TiO,-SiO,
(T90) coatings

This bonding type can potentially enhance the adhesion
between the TiO; coating and the substrate, particularly
ceramic substrates based on [SiO4]*~ [24]. The Si — O — Si
bond is characteristic of SiO, and was formed after the
dehydration of silica sol. This bond suggests that SiO, was
not entirely consumed in the reaction to create Ti — O — Si
bonds but remains as free SiO,. In addition to the men-
tioned bonds, Ti — OH, Si — OH, and —OH represent phys-
ical and chemical water present in the samples.

3.2. Mineral composition

Fig. 3 presents the outcomes of the XRD patterns. The pat-
terns reveal the presence of rutile and anatase minerals
in both T100 and T90 samples. Rutile (R060745) exhibits
diffraction peaks at 37.34°, 36.20°, 41.15°, 44.07°, 54.86°,
64.52°, and 69.12° [25, 26]. Anatase (R060277) exhibits
diffraction peaks at 25.22°, 38.43°, 47.85°, and 62.63° [16,
26]. Anatase is initially formed and subsequently converted
to rutile under the influence of temperature [27]. The FTIR
results of the T90 sample suggest an incomplete reaction
and the presence of SiO, in a free form. However, the
XRD pattern of the T90 sample does not display character-
istic peaks of SiO; crystals such as quartz, cristobalite, and
tridymite. This observation confirms the existence of resid-
ual SiO in an amorphous state. The amorphous form of
Si0,, as evidenced by the XRD pattern of sample T90, may
impede the allotropic conversion of anatase to rutile. The
XRD results reveal the presence of only rutile and anatase
minerals in the samples, which indicates a favorable re-
action efficiency during the creation of TiO;. The heating
process of the sol-gel mixture appears to be quite effective
in producing titanium dioxide.

The hindrance of the allotropy transformation process
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Fig. 3. The XRD patterns of TiO; (T100) and TiO,-SiO,
(T90) coatings

from anatase to rutile by amorphous SiO;, is further eluci-
dated by calculating the crystalline content using Eq. (1)
and the XRD patterns in Fig. 3. The results indicate that
the T100 sample comprises 3.48% anatase and 96.52% rutile
by weight. In contrast, the T90 sample includes 68.79%
anatase and 31.21% rutile by weight. Using SiO, sol im-
peded the allotropy transformation of TiO, from anatase
to rutile during heating. The reason may be that part of
the heat energy is lost due to the allotropic transforma-
tion of the SiO,. Previous research has demonstrated that
anatase exhibits superior photocatalytic and bactericidal
capabilities compared to rutile [28]. Therefore, the pres-
ence of anatase minerals in the TiO,-5iO, coating has the
potential to enhance its photocatalytic and antibacterial
properties. The photocatalytic ability of the samples was
assessed through the UV-Vis method.

3.3. Band gap energy

Fig. 4 displays the UV-Vis spectrum of the T90 and T100
samples. The absorption spectrum results reveal varying
absorption capacities of the samples across different wave-
length ranges. In the 200 to 350 nm wavelength range,
the T90 sample exhibits higher light absorption than the
T100 sample. Conversely, in the range from 350 to 800 nm,
the T100 sample demonstrates superior absorption com-
pared to the T90 sample. The light absorption capability
could also help assess a material’s photocatalytic potential.
Based on these findings, it can be inferred that within the
350 - 800 nm range, the T100 sample, devoid of SiO,, is
more efficiently excited by light than the T90 sample. This
wavelength range encompasses visible light (380 - 760 nm),
indicating that coatings containing To further elucidate the
photocatalytic ability, the band gap energy of the samples
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was computed using Egs. (2) and (3)
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Fig. 4. The UV-Vis spectrum of the T90 and T100 samples

Fig. 5 illustrates a graph determining the band gap en-
ergy of the samples. The discrete form of the calculated
points shows that these points can be expressed as chang-
ing values according to the rules of the Edgeworth - Cramer
equation. Solving the second derivative equations identi-
fies inflection points on the graph of Fig. 5, yielding values
of 3.24 eV and 3.06 eV, respectively. The intersection of the
tangent lines and the coordinate axis at the inflection point
provides the band gap energy values for the T90 and T100
samples. The determined band gap energy for the T90 sam-
ple is 2.88 eV (corresponding to a wavelength of 430 nm),
while that for the T100 sample is 2.84 eV (corresponding to
a wavelength of 436 nm). These results indicate that both
coating samples possess photocatalytic ability in the visi-
ble light range. The increased band gap energy of the T90
sample is attributed to the presence of SiO;, which itself
has a large band gap energy (~ 10 eV). The presence of
Si0; elevates the coating’s band gap energy, but it doesn’t
significantly impede the photocatalytic ability, as SiO, also
hinders the allotropy transformation from anatase to rutile.
The presence of SiO, with the appropriate composition
has minimal impact on the coating’s photocatalytic ability,
as further corroborated by investigations into the ability
to decompose organic compounds and the antibacterial
properties of the T90 and T100 samples.

3.4. Ability to decompose organic compounds

The antibacterial ability was assessed by examining the
inhibitory effect on Escherichia coli bacteria on an agar
plate with 310 and 160 ug/mL bacterial concentrations.
Fig. 6 depicts that all samples exhibited no evidence of
Escherichia coli bacterial clusters forming after 20 hours of
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Fig. 5. Band gap analysis using UV-Vis spectrum

incubation at 37 °C. The antibacterial effect has been con-
vincingly demonstrated through experiments inhibiting
the growth of E. Coli bacteria. These experiments were con-
ducted following the ISO 20776-1:2006 standard, and the
results indicate the absence of E. Coli bacteria under stan-
dard experimental conditions. These results demonstrate
the antibacterial efficacy of the T90 and T100 samples at dif-
ferent bacterial concentrations. Both samples exhibited the
capability to decompose bacteria and hinder their growth
on agar plates.

Fig. 6. (a) The T90 sample with a bacterial concentration of
310 pug/mL and (b) 160 pg/mL; (c) The T100 sample with a
bacterial concentration of 310 ug/mL and (d) 160 pg/mL
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Fig. 7 presents the color of the MB solution after re-
acting with the T100 and T90 samples at various soaking
times. The MB decomposition experiment is a frequent
assay for materials capable of decomposing organic com-
pounds or functioning as adsorbents/absorbents. In this
particular study, MB was used to assess the efficacy of
TiO; and TiO;-SiO; coatings in decomposing organic com-
pounds. Effective decomposition of MB organic matter
indicates the potential of these coatings to treat other or-
ganic compounds present in wastewater, provided they
possess comparable durability. Observations from Fig. 7
reveal that, at equivalent time intervals, the color of the
MB solution in the T100 sample is lighter than that in the
T90 sample. The color of the MB solution serves as a visual
indicator for assessing the concentration of the MB solu-
tion in the sample. This outcome partially evaluates the
samples’ ability to reduce organic compounds. The T100
sample demonstrated a more efficient decomposition of
MB than the T90 sample. However, this difference is not
significant.

T100 T90

Fig. 7. Color change of MB solution

The ability to reduce MB in solution was quantified by
determining the remaining MB content, and the results are
depicted in Fig. 8. The decrease in remaining MB content
with increasing soaking time indicates the samples’ capac-
ity to decompose MB. The findings consistently suggest
that the T100 sample exhibited a better ability to decom-
pose MB than the T90 sample at all soaking times. This
alignment with the band gap energy calculation and the
visual images in Fig. 6 suggests that the T100 sample, pos-
sessing a lower band gap energy, is better activated by
visible light, leading to enhanced decomposition ability.
However, it’s worth noting that the difference in decom-
position ability is most pronounced in the early periods (1
hour and 5 hours). The disparity in MB content becomes
less significant for the 10, 20, and 30 hours intervals. The
overall results suggest that the inclusion of SiO; sol in the
mixture at a concentration of 10% (wt.) may diminish the
TiO,’s ability to decompose MB, but this decrease is not
significant.

In Figs. 4 and 5 the UV-Vis spectrum experiments have
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revealed that both TiO; and TiO,-5i0, exhibit low band
gap energies (2.84 eV and 2.88 eV). This low band gap en-
ergy can be attributed to the nanoscale existence of TiO, a
phenomenon previously highlighted by various research
groups [29, 30]. Importantly, this property enables the syn-
thesized coatings to be activated by visible light, allowing
them to decompose organic compounds effectively and
exhibit antibacterial properties. The slow degradation effi-
ciency observed for MB compound in Figs. 7 and 8 (lasting
more than 20 hours) is due to the relatively large concen-
tration of the MB solution used in this experiment.

Waste organic compounds and gram-negative bacteria
commonly coexist in wastewater. Consequently, TiO, and
TiO,-5iO; coatings can be practical materials for treating
anaerobic bacteria and decomposing organic compounds
in wastewater. In this study, TiO, and TiO,-5iO, were
coated onto the surfaces of ceramic materials to enhance
their antibacterial capabilities. Ceramics coated with TiO,
or TiO,-SiO; can be used in environments that frequently

encounter wastewater, such as bathrooms.

3.5. Ability to bond with ceramic tile substrate

Fig. 9 provides a photograph of the sample’s surface after
being coated with the TiO, and TiO,-5iO; layers, along
with an image of the microstructure at the contact point
between the coating layer and the ceramic tile substrate.
The photos illustrate that the TiO, and TiO-SiO; coatings
are uniformly distributed on the tile surface. The tile sur-
face does not exhibit clustered glaze spots, and there are
no cracks on the glaze surface. Moreover, there is no ev-
idence of warping in the tile, indicating that the thermal
expansion coefficient of the coating is compatible with the
glaze surface and ceramic substrate. These results suggest
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TiO, and TiO,-5iO; coatings adhere well to the glaze sur-
face. Consequently, TiO, and TiO;-SiO; coatings could be
effectively employed as antibacterial coatings for ceramic
tiles

1381 pm

ntermedjate|layerd

{Substrate]laver

Fig. 9. Cross-sectional microstructure image at the contact
position between the coating and the ceramic substrate

The scanning electron microscope (SEM) image at the
contact surface between the ceramic substrate and the coat-
ing at 300 times magnification provides their bonding abil-
ity. The SEM image in Fig. 9 reveals two distinct regions in
both T90 and T100 samples. The dark-colored area rep-
resents the location of the TiO, and TiO,-S5iO; coating,
while the light-colored area corresponds to the ceramic
substrate. The intermediate region between these two lay-
ers is marked with a red line. Measuring the thickness of
the intermediate layer on SEM images indicates that the
T90 sample has a thickness of 41.97 ym, while the T100
sample has a thickness of 13.81 pm. These results suggest
that incorporating SiO, may have diminished the photocat-
alytic and antibacterial properties of the coating. However,
it has resulted in a more robust bond with the ceramic sub-
strate, leading to a coating with improved durability and
adhesion to the ceramic substrate.

4. Conclusions

The study on TiO, and TiO,-5i0, coatings, fabricated from
TiO, and SiO, sols at a sintered temperature of 500 °C,
yields several key conclusions:

- Functional Group Composition Analysis: The analysis
of functional group composition revealed characteristic
Ti — O bonds in all samples, indicating the formation of
TiO,. Samples containing SiO; also exhibited Ti - O - Si
bonds, potentially enhancing the adhesion of the coating
to the ceramic substrate.

- Phase Composition Analysis: Phase composition analysis
shows rutile and anatase as the main mineral components
in the samples. Samples with SiO, displayed a higher
content of anatase compared to rutile. Increased anatase
content could contribute to improved photocatalytic and
antibacterial properties of the coating.

- Band Gap Energy Determination: The band gap energy
determination results indicated that the TiO, sample had a
lower band gap energy (2.84 eV) than the TiO,-5iO; sample
(2.88 V). This minor difference suggests that the addition
of SiO, has minimal impact on the photocatalytic ability of
the coating.

- Antibacterial and Decomposition Ability: Antibacterial
ability assessments demonstrated that all samples effec-
tively resisted Escherichia coli bacteria at concentrations of
310 and 160 pg/mL for 20 hours at 37 °C. The ability to
decompose methylene blue was slightly higher in the TiO,
sample than in the TiO,-SiO;, sample, but the difference
was insignificant.

- Coating Durability and Adhesion: Surface coating re-
sults on ceramic tiles revealed that both coatings could be
applied successfully. However, the sample with 5iO, ex-
hibited better adhesion to the ceramic substrate than the
sample with only TiO;. Therefore, adding SiO; to the TiO,
coating enhanced its durability with the ceramic substrate
without significantly compromising its photocatalytic and
antibacterial properties.

The study suggests that the TiO»-5iO; coating balances
durability and functional properties, making it a promising
option for applications requiring both adhesion strength
and photocatalytic/antibacterial performance.
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