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Abstract 

The crystallization behavior and photocatalytic properties of the sol-gel derived glass ceramic 

coatings in the TiO2-SiO2-B2O3 system were studied. the prepared sol was sprayed on a glazed 

ceramic wall. Following drying, the coated specimens were fired at 900°C for 1 h. The impact 

of boron oxide content in the composition was explored in terms of anatase stability and glass 

maturing temperature. The thermal and crystallization behaviors of the dried gels were studied 

by the STA, XRD, and FESEM. The photocatalytic property of the coated layer was examined 

using methylen blue degradation. Based on the results, the sample containing 15 wt% of boron 

oxide demonestrated about  30% dye removal efficiency, after only 60 min of UV-irradiation. 

Additionally, this particular sample exhibited the greatest magnitude of the anatase phase in 

comparison to the other samples. 
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1.Introduction 

Nowadays, air and water pollution have become among the most critical environmental 

challenges. One promising solution involves the use of photocatalytic materials such as TiO₂, 

ZrO₂, ZnO, and CdS [1]. Among these, titanium dioxide (TiO₂) stands out due to its strong 

oxidation potential and remarkable hydrophilicity, enabling its application in air purification, 

deodorization, sterilization, and self-cleaning surfaces [2,3]. In contrast, alternative systems 

such as ZnO, while possessing similar band gaps to TiO₂, suffer from photocorrosion under 

UV irradiation. CdS, another potential candidate, is limited by its toxicity and instability under 

light exposure. ZrO₂, though chemically stable, has a wider band gap, reducing its 

photocatalytic efficiency under UV light [1-3].  
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The photocatalytic performance of TiO₂ is influenced by several factors, including its crystal 

structure, morphology, surface area, porosity, and pore distribution [4–6]. TiO₂ occurs in three 

polymorphs: brookite, anatase, and rutile. While anatase demonstrates the highest 

photocatalytic activity, it irreversibly transforms to rutile at temperatures between 500–600 °C 

[3–5]. 

To enhance the performance and stability of TiO₂, many studies have focused on modifications 

such as doping or the use of fluxing agents. For example, Jung et al. demonstrated that B₂O₃ 

flux improves TiO₂ crystallinity while preserving the anatase phase [7], a finding supported by 

other researchers [8,9]. Additionally, incorporating silica has been shown to enhance both the 

thermal stability of the anatase phase and its photocatalytic efficiency [1,3,10–14]. 

Resende et al. [15] demonstrated that TiO₂/SiO₂–B₂O₃ ternary nanocomposites exhibit superior 

photocatalytic activity compared to commercial TiO₂, attributing this enhancement to the 

unique interfacial properties introduced by B₂O₃. Furthermore, Bachvarova-Nedelcheva et al. 

[16] reported that the inclusion of B₂O₃ in TiO₂-based systems not only stabilizes the anatase 

phase but also imparts antibacterial properties, expanding the material’s applicability. 

Consequently, the B₂O₃–SiO₂–TiO₂ system was selected for this study due to its synergistic 

properties that enhance photocatalytic performance and offers a balanced combination of 

stability, safety, and enhanced photocatalytic performance, making it a superior choice for 

environmental applications.  

A critical factor in practical applications is the durability of photocatalytic TiO₂ coatings. 

Conventional coatings often suffer from weak adhesion to glazed surfaces, limiting their 

longevity. In contrast, TiO₂-based glass-ceramic layers have exhibited superior bonding and 

durability. The enhanced adhesion and durability of TiO₂-based glass-ceramic coatings, 

compared to conventional TiO₂ layers, can be attributed to several interrelated factors. First, 

the glass-ceramic matrix allows for the formation of strong chemical bonds (e.g., Si–O–M and 

Ti–O–M, where M is a metal from the substrate) at the interface with the glazed substrate, 

which significantly surpasses weak van der Waals interactions typical of conventional coatings. 

Moreover, the coefficient of thermal expansion (CTE) of glass-ceramic systems can be tailored 

to better match that of the glazed surface, reducing thermal mismatch stress during firing and 

cooling. Also, partial softening of the glassy phase during sintering enables mechanical 

interlocking as the coating partially penetrates surface irregularities, anchoring it more 

securely. Furthermore, the in-situ crystallization of nanometric anatase crystals within the 

glassy matrix improves the mechanical stability and resistance to cracking or delamination. 
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Finally, the embedding of TiO₂ particles in a glassy network provides environmental 

protection, particularly against moisture and UV-induced degradation, thereby improving long-

term performance. These synergistic effects, as supported by references [17] and [18], explain 

the superior bonding strength and durability observed in glass-ceramic TiO₂ coatings.  

TiO₂ also serves as a nucleating agent in the fabrication of glass ceramics, facilitating controlled 

crystallization and enabling the production of materials with desirable crystallite sizes and 

microstructures [19]. These glass ceramics are valued for their cost-effectiveness, ease of 

shaping, and versatility in forms such as sheets, rods, tubes, and fibers, making them suitable 

for photocatalytic applications. 

Recent research has explored TiO₂-containing glass ceramics as photocatalytic materials. For 

instance, Yazawa et al. synthesized rutile-type glass ceramics from silicate glasses [20-21], 

while other studies have successfully derived anatase-type glass ceramics from phosphate 

glasses [22]. These materials exhibited photocatalytic activity, as evidenced by methylene blue 

degradation under UV light [23]. 

In this study, anatase-phase TiO₂ was precipitated within a SiO₂–TiO₂–B₂O₃ glass layer via 

heat treatment of sol–gel-derived glass. The photocatalytic activity of the resulting glass-

ceramic layer was quantitatively evaluated. 

 

2.Experimental Procedure 

2.1.materials and Sample preparation 

the borosilicate glasses in the SiO2-B2O3-TiO2 system were prepared with sol gel method from 

reagent grade chemicals consisted of tetraethyl orthosilicate (TEOS, (Si (OC2H5)4, Merck 

800658), Titanium tetraisoproxide (TTIP, Ti(Opri)4, Merck 8251895), trimethyl borate 

(B(OCH3)3, Merck 82180), isopropanol (IPA ,Merck 109634), ethanol (EtOH,Merck 100983); 

Hydrochloric acid (37% solution,Merck 100317), and deionized water. 

The nominal chemical compositions of the synthesized glass-ceramics are presented in table 1. 

Table 1. The nominal chemical compositions of the glasses 

Composition SiO2 (wt%) B2O3 (wt%) TiO2 (wt%) 

ST-5B 30 5 65 

ST-10B 30 10 60 

ST-15B 30 15 55 

 

Preparation of the sols were initiated by dissolution of TEOS in ethanol (1:4 molar ratios) and 

TTIP in isopropanol (1:4 molar ratios). The Si and Ti alkoxdes hydrolyzed by adding 1 M HCl 
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as a catalyst. Following a 2 h stirring, the solution of Ti-tetraisoproxide in isopropanol alcohol 

was added dropwise to the TEOS sol. The resulted solution was stirred until a transparent and 

solid free solution was achieved. Then, trimethyl borate with stoichiometric amount of water 

was added to alkoxides solution. 

To ensure thorough hydrolysis of the alkoxides, the water content of the final solution was 

raised to twice the stoichiometric quantity and then agitated for 3 h. The final Titania-Silica-

Borate sols were completely transparent without any precipitation. The prepared sols were 

applied on the glazed ceramic tile by a spraying process. The coated tiles were dried at 150 °C 

for 24 h and then heat treated of at various temperatures to prepare glass ceramic. The heating 

rate was 10 °C /min. Fig. 1 depicts the flowchart of gel preparation procedure. 

Methylene blue (MB,159270) with chemical formula C₁₆H₁₈ClN₃S. nH₂O (n=2-3) was 

employed as the representative pollutant to study the photocatalytic properties of the prepared 

glass-ceramic layers coated on the glazed ceramic tiles. 

 

 

Fig.1. the flowchart of the glass ceramic coating preparation procedure. 
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2.3.Characterization techniques 

Thermal behavior of the dried gels was studied by the Simultaneous Thermal Analysis (STA, 

TA Instruments Q600) in air and argo atmosphere. The heating rate was set at 10  °C/min and 

temperature ranged up to 900 °C.  

The crystallinity and the average crystallite size were determined by X-ray diffraction 

technique with Cu Kα wavelength at 30 mA and 40 kV(XRD Bourevestnik  Dron-8).  

The microstructure of the resulted glass-ceramic coating layer was characterized by field 

emission scanning electron microscopy (FESEM, Mira 3-XMU) and scanning electron 

microscopy (SEM, TESCAN VWGAII) with an accelerating voltage of 15-20 kV. The  surface 

of the samples was etched in 5% HF solution for 40 seconds before the test. 

The photocatalytic activity was measured by the photo-degradation of Methylene Blue aqueous 

solution. Initial pollutant concentration was 10 micromolar, and the coated layer was irradiated 

by the UV source. 

The MB removal efficiency was calculated by applying the Eq.(1): 

Removal efficiency(%)=[(C0-C)/C0]×100                                      (1) 

Where C0 and C are the initial and residual MB concentrations in the feed solution, 

respectively. Prior to the experiment, the sample was stored in a dark environment . 

subsequently, the samples were exposed to radiation to 1h and its absorbance was measured by 

the UV-Vis spectrophotometry, PerkinElmer, lambda 25, during this period. 

 

3. Results and discussion 

3.1. Thermal analysis of the sample  

Figure 2 depicts the STA result of the dried ST-15B sample, taken in the air flow atmospher. 

Two distinct endothermic peaks on the DTA thermograph at around 70 °C and 190°C 

correspond to two weight reductions in the Tg thermograph. The observed endothermic peaks 

can be ascribed to the evaporation of mechanical water and rigid water from the sample. An 

exothermic peak occuring at around 270°C is caused by the oxidation of carbon groups. 

Moreover, as the test was conducted on the gel and prior to the heat treatment of the samples, 

there is no discernible peak reflecting crystallization. 
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Fig.2.STA thermograph of sample ST-15B in an air atmosphere 

 

3.2. Crystallizaton behaviour 

Figure 3 displays the X-ray diffraction (XRD) patterns of prepared samples following a 24-

hour drying period at 150 °C. The observed pattern indicates that the dried gele exhibits an 

amorphous structure. 

 

Fig 3. XRD pattern of the (a): ST-5B, (b): ST-10B and (C): ST-15B after drying at 150°C for 24 h. 

 

Fig.4  presents the XRD patterns of sample ST-15B after calcination at 150 C, 300 C and 400 

C for 1 h. According to the figure, anatase formed in the gel, and crystallization increased as 

the temperature increased. The sample contains no evidence of rutile or brookite following the 

heat-treatment technique described above. The anatase phase peaks around 2θ=25.3° became 

sharper and more intense as the boron level increased. 
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Fig.4.XRD patterns of the ST-15B sample calcination at different temperatures.A: anatase 

 

It should be noted that adding B2O3 to the coat composition instead of TiO2 decreases the  

sintering temperature of coating [4]. Furthermore, it is claimed that adding boron to the 

crystalline structure of TiO2 increases anatase thermal stability [5, 6]. The sintering of the layer 

improved with the boron oxide concentration, while the crystallinity of the coating steadily 

increased, despite the fact that the amount of titanium oxide in the coated layer gradually 

reduced . The  XRD results as shown in figure 5, indicate that the addition of B₂O₃ to the TiO₂ 

system inhibits crystal growth and stabilizes the anatase phase, even at elevated temperatures. 

This behavior is consistent with previous findings in the literature and clearly verifies the 

significance of boron in the stability of anatase.. 

Mulmi et al. [24] reported that boron doping suppresses the growth of anatase crystals and 

maintains phase stability, as evidenced by their XRD patterns at room temperature. 

Similarly, Quesada-González et al. [25] found that the presence of boric acid during TiO₂ 

synthesis inhibited the rutile phase formation and promoted anatase phase stability. 
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Fig.5. The XRD pattern of samples after firing at 900°C for 1 h. 

 

The crystallite size, lattice parameters, and the amounts of phases in the glass-ceramic layers 

fired at 900°C were determined using the Scherrer equation [5] and Rietveld refinement via  

Maud software. The statiscal parameter SIG , reflecting the fit quality of the refinement, is also 

reported for each sample (Table 2).  

Table 2. The crystallite size, unit cell dimensions, and the estimated amounts of various phases of the 

samples after firing at 900°C 

Sample SIG Phase Unit Cell(A) Quantity of 

phases (wt.%) 

The crystallite 

size(nm) a C 

ST-5B 1.5054 Anatase 3.78 9.49 38 20 

Rutile 4.55 2.90 2 100 

Amorphous - - 60 - 

10B-ST 1.4012 Anatase 3.79 9.51 54 21 

Rutile 4.55 2.90 1.5-2 100 

Amorphous - - 44 - 

15B-ST 1.6494 rutile - - 0  

Anatase 3.77 9.53 65 53 

Amorphous - - 35 - 

  

The results show that by increasing the amounts of boron oxide from 5 to 15 wt%, both the 

crystallite size and the amounts of anatase have increased. Previous studies report that the 

highest photocatalytic activity of an anatase coating has occured  with crystallite size in the 
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range of 8-10 nm that takes place after calcination below 500 °C. In this study, however, the 

size of the crystals has increase due to the force for increment the firing temperature of the 

coated layer. After considering all the criteria, sample ST-15B was selected for further study 

due to its high concentration of anatase crystalline phase and excellent surface quality 

following firing at 900 °C.  

 

3.3. Microstructural studies 

Figure 6 depict the FESEM images of the top views of the ST-15B glass-ceramic coated layer 

after being fired at 900°C for 1 hour. Surfaces with roughness and particles with uneven 

boundaries are detected. The coarse textures are a product of the HF etching procedure, which 

eliminates the remaining glassy phase and exposes more crystal particles on the surfaces. Due 

to the greater specific surface areas, this surface shape is regarded to be advantageous for 

improving the photocatalytic activity. The image shows that the anatase crystalline size is less 

than 65 nm, which accurately corresponds to the findings in Table 2.  

 

Fig.6. SEM micrographs of the ST-15B glass-ceramic 

 

The cross-sectional view of the glaze-coated layer ST-15B interface is displayed in figure 7. 

As it can be observed, the coating exhibits a good adhesion to glaze. From these figs, the 

thickness of glaze and photocatalytic coatings are estimated 200 μm and 1.89μm respectively. 

These thicknesses are considered sufficient for coatings with satisfactory endurance. 
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Fig.7.Cross-section of Photocatalyst coated glazed tile with ST-15B composition 

 

3.4.photocatlytic properties 

The photocatalytic property for samples were assessed by measuring the changein absorbance 

of MB solution under the UV radiation after exposition for 15 to 60 minutes, as depicted in 

figure 8.  

 

Fig. 8. Absorbance curves of MB aqueous solution in the presence of the ST-15B glass ceramic after UV-

radiation. 

According to the color degradation curve, degradation efficiency has improved with the 

radiation time. Actually, absorption decreases throughout the course of 60 minutes, and the 

degradation and decolorization process nears completion.  

The photocatalytic activity observed in our study is largely attributed to the anatase phase of 

TiO₂, which is well-known for its superior photocatalytic properties compared to the rutile and 

brookite phases. Anatase has a suitable band gap (~3.2 eV) that allows efficient absorption of 

UV light, resulting in the generation of electron-hole pairs (e⁻/h⁺) upon irradiation. 

Once excited, electrons in the valence band (VB) are promoted to the conduction band (CB), 

leaving behind holes in the VB: 
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TiO₂ + hν → e⁻ (CB) + h⁺ (VB) 

These charge carriers can migrate to the surface of the catalyst where they participate in redox 

reactions. The photogenerated electrons reduce dissolved oxygen molecules to superoxide 

radicals (·O₂⁻), while the holes oxidize water or hydroxide ions to generate hydroxyl radicals 

(·OH): 

e⁻ + O₂ → ·O₂⁻ 

h⁺ + H₂O → ·OH + H⁺ 

h⁺ + OH⁻ → ·OH 

Both superoxide and hydroxyl radicals are highly reactive species capable of attacking and 

degrading organic dye molecules such as methylene blue into non-toxic byproducts like CO₂ 

and H₂O [26-27]. 

However, the photocatalytic efficiency can be affected by the recombination of e⁻/h⁺ pairs, 

which reduces the number of charge carriers available for surface reactions. Furthermore, the 

presence of other ions or compounds in solution can scavenge reactive species, leading to 

decreased degradation efficiency. As previously stated, the photocatalytic activity of the 

coating is dependent on the crystallinity and size of anatase crystals. Consequently it is evident 

that etching the glass ceramic prior to radiation can boost the photocatalytic activity of the 

synthesized coatings . 

 

Conclusion: 

Single phase transparent glass ceramic coating covering with photocatalytic propery was 

successfully synthesized by heat teatment of sol–gel derived specimens in the TiO2-B2O3-SiO2 

system.  The following conclusions seem justified in light of the findings reported here: 

• The addition of silica in the compostion prevents anatase to rutle phase transformation 

even up to 900 °C. 

• By increasing the boron oxide to the composition, viscosity of the system decreases, so 

the crystallinity of glass ceramic increases.  

• with the increase of boron oxide from 5 to 15% by weight (in the constant weight 

percentage of silica), anatase crystallized n the system as single phase. 

• Following 60 minutes of UV irradiation, the decomposition rate of methylene blue in 

the synthesied glass ceramic coating can reach up to 30%. 
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