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ABSTRACT 

Barium strontium titanate or BST (Ba1-xSrxTiO3) photocatalysts with distinct Sr substitutions (x = 

0.5, 0.6, 0.7, and 0.8) were fabricated using the co-precipitation technique. This study aimed to 

investigate the influence of the high Sr2+ contents on the structural property and photocatalytic 

activity to identify the optimal composition. X-ray diffraction (XRD analysis) confirmed cubic BST 

formation at all Sr concentrations and reduced lattice constants with increasing Sr²⁺ contents. 

Fourier transform infra-red (FTIR) investigation also validated the formation of the prepared BST 

with different Sr contents. The photocatalytic activity of the BST photocatalysts was evaluated by 

the degradation of methylene blue (MB) under UV light irradiation. Notably, the photocatalytic 

efficiency improved at x=0.5 to x=0.7, attributed to enhanced lattice distortion induced by Sr 

substitution. However, a further increase of x = 0.8 resulted in reduced photocatalytic activity, likely 

due to the formation of a more symmetric structure and reduced crystal distortion. Ba₀.₃Sr₀.₇TiO₃ 

exhibited the highest degradation rate (41%) among all samples tested. The results suggest that the 

high Sr level critically affects the structural properties and photocatalytic efficiency of BST and 

underline x = 0.7 as the optimal composition for photocatalytic applications. 

Keywords: barium strontium titanate; Sr substitution; methylene blue; structural property;  

photocatalytic activity 

INTRODUCTION 

The rising energy demand and environmental emergencies have induced significant concern in 

photocatalysis, whether for hydrogen production via water splitting or pollutant degradation 

using light exposure[1, 2]. Photocatalysis is a process in which light (UV or visible) is absorbed 

by a photocatalyst, resulting in charge separations (electrons and holes). The electron-hole pairs 

stimulate a reduction-oxidation reaction that can produce hydrogen or degraded pollutants[3-5]. 

The role of photocatalyst materials is significant in photocatalysis. Generally, oxides have been 

at the forefront of photocatalyst materials since they are nonhazardous, low-cost, and stable[6, 

7]. Among the oxides, titanates are preferable as they can be easily engineered to obtain 

improved properties, primarily through doping[8].  

Particularly, Barium Titanate (BaTiO₃ or BTO) is one titanate from ferroelectric 

semiconductors with a band gap of about 3.2–3.5 eV[2, 9-11]. Its beneficial features include high 
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oxygen vacancy, tunable size and morphology, spontaneous polarization, rapid migration of 

photogenerated charge carriers, and band bending[9, 12, 13]. These features make it suitable for 

photocatalytic applications[12, 13]. The chemical stability and ferroelectric nature of this material 

promote better charge separation, which is advantageous for the photocatalytic process[2, 14]. 

Despite its great potential, challenges such as low efficiency under visible light and fast 

electron-hole recombination still need to be overcome through further material engineering[15]. 

BTO is often modified through doping (e.g., with Sr[15], Co[13], La[3], Ag[1], Bi[2], or Rh[16]), 

composite formation with other photocatalysts such as TiO₂ and STO[17], and morphology 

engineering to increase its photocatalytic activity[9, 15]. With appropriate development, BTO 

could become a more effective photocatalyst for environmental and renewable energy 

applications. 

Barium strontium titanate or BST (Ba1-xSrxTiO3, 0<x<1) is the modification form of BTO with 

partial substitution of Ba²⁺ ions with Sr²⁺ [5, 18]. The main differences between the two are the 

band gap and ferroelectric properties. BTO has a band gap of around 3.2–3.5 eV, limiting the 

UV light absorption[19-21]. Meanwhile, BST has the advantage of band gap alteration by 

replacing part of the Ba²⁺ ions with Sr²⁺, thereby enhancing visible light absorption and 

improving the efficiency of electron-hole charge separation[8, 22]. In addition, BST exhibits 

superior dielectric and ferroelectric properties, which can help reduce electron-hole 

recombination and enhance photocatalytic activity[23, 24]. BST with the right Sr composition 

can have a smaller band gap, enhancing its visible light absorption and increasing its 

photocatalytic efficiency[17]. In addition, adding Sr lowers the ferroelectric transition 

temperature and increases the mobility of charge carriers, which is essential in photocatalytic 

applications[25]. Nevertheless, the main challenges in its use are operational stability and 

optimization of the Ba/Sr ratio to achieve the best photocatalytic properties. 

The distinct Ba/Sr ratios can change the microstructure of BST, which further modifies its 

physical, chemical, and optical properties and photocatalytic activity. Mohan et al. [17] 

synthesized BaTiO₃@SrTiO₃ core-shell nanowires by varying Sr/Ba ratios. The yields showed 

that increasing Sr content increased the surface area and charge separation efficiency, 

enhancing hydrogen production via sono-photocatalysis. Liu et al. [26] demonstrated that Sr 

doping into BaTiO₃ contributed to improving the tribocatalytic performance in degrading 

organic pollutants. The study showed that Sr substitution of up to 20% increased the 

degradation efficiency of Rhodamine B (RhB) by about 35%, attributed to the increase in 

charge transfer efficiency due to Sr doping. Liu et al. [27] fabricated Ba1-xSrxTiO3 with the sol-

gel assisted solid phase method and observed the effects of the Ba/Sr ratio on the microstructure 

and photocatalytic activity. The results revealed that the carrier recombination rate gradually 

increased with an increasing Ba content, and the Ba/Sr ratio of 0.7/0.3 exhibited the smallest 

bandgap (Eg = 3.027 eV) and had the largest photocatalytic hydrogen production rate. 

Research on the photocatalytic activity of BST is still limited and needs to be explored. Up to 

now, there has been a lack of investigation of the influences of the distinct Ba/Sr ratios on the 

structure and photocatalytic activity of BST, especially at high Sr levels and for organic dye 

degradation applications. Accordingly, this study attempted to synthesize Ba1-xSrxTiO3 (x=0.5, 

0.6, 0.7, and 0.8) via the co-precipitation method. Besides, the novelty of this research was on 

the use of the high Sr doping of > 0.5, where other studies were commonly conducted at < 0.5 

and even < 0.1. The prepared BST was employed as a photocatalyst to degrade methylene blue 

(MB) pollutants. 

Hence, this study aimed to investigate the influence of variations in high Sr²⁺substitution on 

the structural property and photocatalytic activity of Ba₁₋ₓSrₓTiO₃. This study also determined 
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the optimal Sr substitution composition that yields the highest photocatalytic efficiency in 

methylene blue (MB) degradation under UV light. The findings are expected to be a valuable 

reference for developing and modifying BST-based photocatalysts, not only for dye 

degradation but also for potential applications in photocatalytic hydrogen production. 

METHOD 

Materials 

The raw materials included barium hydroxide [Ba(OH)2] (Sigma Aldrich, 95%), titanium tetra 

butoxide [Ti(C4H9O)4] (Sigma Aldrich, 97%), oxalic acid (C2H2O4) (Sigma Aldrich ≥ 

99%), strontium nitrate [Sr(NO3)2] (Sigma Aldrich, 95%), and Isopropanol (IPA) 

(Sigma Aldrich, 95%). 

Ba1-xSrxTiO3 Preparation 

BST samples were prepared using the co-precipitation method. First, all raw materials were 

weighed following the stoichiometry formula of Ba1-xSrxTiO3 (x=0.5, 0.6, 0.7, and 0.8). Oxalic 

acid was dissolved in IPA by stirring with a magnetic stirrer at 250 rpm for 20 minutes 

(Solution O). Separately, barium hydroxide was diluted in IPA by stirring at 250 rpm for 30 

minutes (Solution B). With the same procedure, titanium tetra butoxide was dissolved in IPA 

(Solution T). Solution T was mixed with Solution O by stirring at 250 rpm for 20 minutes. The 

mixture was then added with Solution B and strontium nitrate and stirred for 30 minutes. In 

this step, the masses of strontium nitrate were varied following the desired mol content (x). The 

resulting solution was added with distilled water, stirred for 1 hour using a magnetic stirrer, 

and left for 24 hours. The precipitated solution was then washed three times, once using ethanol 

and twice with distilled water. After that, the precipitate was filtered using filter paper and 

hydrolyzed for 10 hours at 100°C to obtain powder form. Finally, the powder sample was 

sintered at 1000°C for 4 hours, producing the Ba1-xSrxTiO3 powder samples. 

Characterizations 

Fourier Transform Infrared (FTIR) spectroscopy (Shimadzu A21004802518) was utilized to 

identify the functional groups present within the samples in the wavenumber range of 350 – 

4000 cm⁻¹. Besides, X-ray diffraction (XRD) analysis was conducted using a Bruker D8 

Advance diffractometer with a Cu Kα radiation source (λ = 1.5406 Å) to investigate their 

crystalline structure. The XRD data were then exploited to estimate the crystallite size of the 

samples through the Debye-Scherrer equation, as shown in Equation 1. In which 𝐷, 𝑘, 𝛽, 𝜃, and 

𝜆 are the crystallite size (nm), the Scherrer constant (0.94), the value of Full Width at Half 

Maximum (FWHM) (rad), the diffraction angle (degrees), and the wavelength of the Cu XRD 

source, respectively. 

𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
         (1) 

Photocatalytic Evaluation 

The photocatalytic activity of the prepared BST was evaluated through MB photodegradation. 

First, 1 gram of MB powder was dissolved in 1000 ml of distilled water, producing 10 ppm of 

MB solution. The MB solution was then measured at a wavelength range of 350 – 800 nm to 

determine the initial absorbance of the solution. After that, 0.5 grams of the prepared BST were 

dissolved in 10 mL of the MB solution. Before irradiation, the MB-photocatalyst solutions 

were stirred in the dark for 30 min to reach adsorption-desorption equilibrium. The solutions 

were then exposed under UV light for 5 hours. To investigate the effects of irradiation times 
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on the photodegradation, the MB solution with Ba0.5Sr0.5TiO3 was irradiated for 3, 5, and 6 

hours. All exposed solutions were examined with a UV-Vis Spectrophotometer to measure the 

absorbance. The percentages of dye degradation by the BST photocatalysts with different Sr 

contents were then estimated using Equation 2[2]. In which 𝐷𝑃, 𝐴𝑜, and 𝐴𝑡 are the dye 

degradation percentage, the initial absorbance, and the absorbance after time 𝑡, respectively. 

𝐷𝑃 =
𝐴𝑜 − 𝐴𝑡

𝐴𝑜
 x 100%        (2) 

RESULTS AND DISCUSSION 

Figure 1a shows the diffraction patterns of prepared samples with distinct Sr contents. The 

patterns were matched with the International Center for Diffraction Data (ICDD) database PDF 

#792263, confirming the crystal structure of BST. The diffraction peaks appeared to 

correspond to the crystal planes of (100), (110), (111), (200), (211), (220), and (310), validating 

the cubic structure of BST with the Pm3m space group. The figure shows a right shift with 

increased Sr contents at the highest peaks (110) (Figure 1b). Besides, the absence of the 

splitting peaks between planes (200) and (022) at 2θ about 45o (Figure 1c) denotes the 

formation of cubic BST. Similar to (110), the planes (200) also demonstrate the right shifts 

with the higher Sr concentration. The shift indicates that Sr has replaced Ba sites, leading to 

lattice alteration. However, the peaks marked (*) were detected as impurities that matched the 

ICDD PDF database #190125. They were identified as BaC2O4, which resulted from the 

reaction between Ba(OH)2 and CO2 in the air during the mixing process. 

 

Figure 1. Diffraction patterns of the prepared BST samples with distinct Ba/Sr ratios and the right shift of (110) 

peaks due to higher Sr content 
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Figure 2. Lattice constants and crystallite sizes of the prepared 

BST 

According to Figure 2, the lattice constants of BST decreased with increasing Sr concentration. 

This decrease may be due to the replacement of Ba2+ with Sr2+ions, possessing a different ionic 

radius (Sr =1.16 Å < Ba=1.36 Å) [18]. In addition, the crystallite size of BST tends to enlarge 

with increasing Sr concentration, except at x=0.7. The smallest crystallite size at x = 0.7 is 

considered due to maximum lattice distortion inhibiting crystal growth. At this composition, 

increased internal strain promotes nucleation but suppresses crystal enlargement, as reported 

by Rashad et al[28]. In contrast, at x = 0.5 - 0.6, the structure remains relatively stable, while it 

tends toward a more symmetric phase at x = 0.8, allowing larger crystals to form[29, 30]. 

 

Figure 3. FTIR spectra of the prepared BST 

Figure 3 depicts the FTIR spectra of the prepared BST samples. The prominent peaks detected 

at about 555 – 558 cm-1 wavenumbers were attributed to the stretching vibration of the BO6 

octahedron. B in BO6 denotes the B site in the ABO3 perovskite structure, referring to the Ti 

atom in TiO6. Hence, these peaks can be ascribed to the vibration of Ti–O octahedra in titanate 

compounds [18, 31]. The peaks at about 858 – 859 cm⁻¹ were related to the vibration of the metal-

oxygen bond [32]. This peak usually describes the vibrational modes of the TiO₆ bond. In the 

context of BST, it is also typical of the perovskite structure of BaTiO₃ and its strontium-

substituted variations. Besides, metal-oxygen absorption bands observed in FTIR spectra 

confirm the existence of the perovskite structure [18]. The vibrational peaks at around 1448 – 

1455 cm-1 were associated with the anti-symmetric stretching and bending vibrations of 
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carbonate groups (CO3). These peaks are caused by impurities formed during the synthesis 

process due to the reactions between raw materials under room conditions [3, 27, 32]. The peaks 

at about 1633 cm-1 denote the carbonyl groups in the samples [31-33]. Meanwhile, the vibrational 

peaks at about 3442 – 3446 cm-1 were related to O-H groups originating from the water 

absorption on the sample's surface [31, 33]. 

The photocatalytic activities of the prepared BST samples were assessed through MB 

degradation under UV light (Figure 4a). It demonstrated that the absorbances of the BST 

samples with distinct Sr ratios were much lower than that of the sole MB after 5 hours of 

irradiation. The reduced absorbances indicate higher degradation efficiency and better 

photocatalytic performance[2]. Figure 4b displays the degradation percentages for MB by the 

BST photocatalysts. After 5 hours of irradiation, the degradation percentages of MB by 

Ba0.5Sr0.5TiO3, Ba0.4Sr0.6TiO3, Ba0.3Sr0.7TiO3, and Ba0.2Sr0.8TiO3 were 7, 27, 41, and 25 %, 

respectively (Figure 4b). The photocatalytic performances of Ba0.5Sr0.5TiO3, Ba0.4Sr0.6TiO3, 

and Ba0.2Sr0.8TiO3 were relatively low. In general, the photocatalytic activity of the BST 

improved with the increase in Sr content to Ba0.3Sr0.7TiO3, after which the activity decreased. 

 

 

Figure 4. (a) Absorbance of degraded MB by the prepared BST after 5 hours of UV irradiation, (b) MB 

degradation percentages as a function of Sr contents, and (c) the effect of UV irradiation times on MB 

degradation 

Bhat et al. [16] also reported a similar trend through a Density Functional Theory (DFT) study 

and in the cases of Rh-doped BTO. This phenomenon can be related to different Ba/Sr ratios 

in the BST structure. The crystal structure of BST materials will experience lattice change and 
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distortion due to the various amounts of Sr [15, 31]. Because Sr²⁺ has a smaller ionic radius than 

Ba²⁺, more Sr induces a smaller lattice size (Figure 2). This can cause strain in the lattice and 

affect the geometry of the TiO₆ octahedron (the main structure contributing to photocatalytic 

activity) [34, 35]. The distortion in the TiO₆ octahedron in the BST structure can also create an 

internal field that helps charge separation[34, 36]. Hence, at Ba0.5Sr0.5TiO3, Ba0.4Sr0.6TiO3, and 

Ba0.3Sr0.7TiO3 (x = 0.5 - 0.7), the structure is more distorted[15, 27], which can help electron-hole 

separation so that the photodegradation efficiency is enhanced. However, at Ba0.2Sr0.8TiO3 (x 

= 0.8), the structure can be said to be almost symmetrical (towards perfect cubic)[15, 37] with 

minimal distortion, so that the charge separation becomes inefficient[38]. This causes the 

electron-hole recombination centers to increase, so the photodegradation efficiency is reduced.  

Furthermore, the study of Han et al., concerning the impact of Sr content (x = 0.1 - 0.5) on 

photocatalytic activity of Ba₁₋ₓSrₓTiO₃ under visible light, also supports that crystal phase and 

energy band are key in influencing and optimizing the photocatalysts [15]. The phase was 

reported to change from tetragonal to cubic, and the band gap improved with increasing Sr. 

Further, the photocatalytic activity (tetracycline HCl degradation) was enhanced with 

increasing Sr due to microstructural and phase changes. Hence, this study and Han et al.'s 

research showed that the concentration of Sr²⁺ affected the crystal structure and photocatalytic 

activity. 

Additionally, Liu et al. [26] reported the synthesis of Ba1-xSrxTiO3 (x = 0 - 0.3) nanopowders 

and the impact of Sr doping on their tribocatalytic performance in degrading RhB pollutants. 

Although their primary focus was tribocatalysis (catalytic activity due to friction), the study 

demonstrated a similar trend. The yields revealed that photocatalytic performance was 

enhanced to an optimum at x = 0.2 and then declined with increasing doping. This indicates 

that optimum photocatalytic activity can be achieved at a certain doping level, and may 

decrease if the structure becomes too symmetric or the lattice distortion is reduced at excessive 

doping. 

Thus, the results of this study, exhibiting an increase in photocatalytic activity at x = 0.5 to 0.7, 

followed by a decrease at x = 0.8, are consistent with previous literature. The decline in activity 

at x = 0.8 can be explained by the reduction in lattice distortion due to a more symmetrical 

structure, as reported in similar studies[16, 39]. Thus, these findings reinforce the understanding 

that there is an optimal limit in Sr²⁺ doping of BST to achieve maximum photocatalytic 

performance. Moreover, these results also fill the gaps in previous research, which mainly 

focused on low Sr concentrations, by exploring the effects of higher Sr levels. 

Figure 4c shows that the absorbances in Ba0.5Sr0.5TiO3 declined with the longer irradiation 

times, denoting the improved photocatalytic activity of the BST photocatalysts. The longer 

irradiation provides more opportunities for the photocatalysts to absorb more energy from light. 

This will facilitate more redox reactions during the photocatalysis process, causing more 

hydroxyl radicals to be released and further improving the degradation efficiency. 

Overall, the photocatalytic process by photocatalysts to degrade organic pollutants can be 

explained as follows[4, 8, 16]. When the photocatalysts are exposed to light energy (hv), pairs of 

electrons (in the conduction band) and holes (in the valence band) will be produced on the 

surface of the material. Then, the electron and hole pairs will react with other molecules in the 

solutions to produce radical compounds (redox reactions). Electrons react with O2 to produce 

superoxide radicals (●O2
-). Meanwhile, holes interact with H2O to generate hydroxyl radicals 

(●OH). The hydroxyl radicals can directly oxidize dye molecules. Meanwhile, ●O2
- will react 

with water and hydrogen peroxide (H2O2), which decay into ●OH in the presence of light. The 
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active species formed, such as •OH (most dominant) and ●O2
-, respond with dye and decay to 

CO2 and water, leaving harmless products. 

Ultimately, this research provides new insights into the optimal Sr²⁺ doping range (x = 0.7) for 

enhancing photocatalytic activity. This is significant because many previous studies focused 

only up to x = 0.5. These findings fill a gap in the literature and demonstrate that excessive 

doping (x > 0.7) degrades performance due to decreased lattice distortion. However, future 

research should include a detailed analysis of the lattice distortion and bandgap energy using 

appropriate techniques to reinforce the justification of the relationship between doping, 

structural changes, and photocatalytic activity. 

CONCLUSION 

Ba₁₋ₓSrₓTiO₃ photocatalysts with varying Sr²⁺ concentrations were synthesized via co-

precipitation. Increasing Sr content reduced lattice constants and increased crystallite size. 

Photocatalytic activity improved at x = 0.5–0.7, attributed to enhanced lattice distortion, but 

declined at x = 0.8 due to increased symmetrical structure. Ba₀.₃Sr₀.₇TiO₃ showed the highest 

MB degradation, indicating the optimal composition and a new finding in this research. These 

results highlight the significant influence of Sr doping on structural and photocatalytic 

properties. Future work should analyze lattice distortion and bandgap characteristics using 

appropriate techniques to clarify the relationship between doping, structure, and performance 

in BST-based photocatalysts. 
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