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ABSTRACT 

Titanium (IV) Oxides (TiO2) have been widely studied for photocatalytic 

applications due to their excellent electrical and optical properties. It has a band gap 

of 3.0 – 3.2eV and can be excited by ultraviolet (UV) light. Although TiO2 has been 

researched to be an efficient photocatalyst material by many researchers, its wide 

band gap limits its absorption of light into the UV portion of the electromagnetic 

spectrum. In this work, we reported a straightforward Sol-gel approach to 

synthesize both undoped and Bismuth (Bi) doped TiO2 in order to investigate the 

photocatalytic activity of Bi-TiO2. Various characterization methods, including 

XRD, FTIR, and DRS, were employed to investigate how the doping concentration 

of Bi affected the optical and structural characteristics of TiO2. From the results, the 

XRD spectrum indicated the tetragonal structure corresponding to the anatase phase 

of TiO2. DRS reveals that there is a slight decrease in the energy band gap for the 

sample from 3.23 eV – 3.15 eV as the concentration of Bi increases. The 

degradation of methylene blue and methylene orange through photocatalysis was 

used to examine the samples' photocatalytic activity. The outcomes of the 

photocatalytic activity showed that the undoped TiO2 has a better photocatalytic 

degradation percentage of 89.27% and 58.19% for Methylene blue and Methylene 

orange, respectively when compared with the Bi-TiO2 samples. 

INTRODUCTION 

Water pollution is one of the major environmental 

challenges due to the growing demand for clean water 

for human use in the modern world. Even in small 

amounts, some dyes found in wastewater are regarded 

as pollutants and are typically harmful to people and 

other living things. The main causes of environmental 

and water pollution are industrial wastes from the paper 

and textile industries, household wastewater, and other 

sources. These pollutants seriously endanger aquatic and 

environmental life (Li et al., 2020; Rafiq et al., 2021; 

Shittu et al., 2023).   

In recent times, various strategies have been proposed 

and employed to remove pollutants in wastewater. Some 

of these methods include flocculation, coagulation, 

precipitation, adsorption, ion exchange, etc (Toxicol et 

al., 2016). Most of these methods are not suitable for 

large-scale applications due to their high cost.  Also, the 

majority of these techniques don't totally break down 

the hazardous substances., they only generate a less 

toxic product. However, there has been a lot of research 

in this area in the last few years, and significant 

advancements have been noted. In particular, 

photocatalysis is now thought to be a viable substitute 

for effectively eliminating dyes from wastewater. One 

type of Advanced Oxidation Technology (AOT) is 

photocatalysis, which is based on physicochemical 

processes that alter the chemical structures of organic 

compounds and cause them to mineralize (Pant et al., 

2019). In recent years, the photo-degradation of 

pollutants has become increasingly popular. The process 

of photocatalysis involves heterogeneous catalysis, in 

which light is absorbed by a semiconductor 

photocatalyst to break down a variety of environmental 

pollutants, such as organic pollutants found in the 

wastewater. When compared to conventional 

wastewater treatment techniques, photodegradation 

offers benefits. For instance, at room temperature, active 

photocatalysts can completely degrade organic 

pollutants in a matter of hours. Furthermore, organic 

pollutants can fully mineralize into relatively 

nonhazardous products (water and CO2) without 
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producing secondary toxic products (Shivaraju et al., 

2017).  

Metal oxide semiconductors, such as Stanic Oxide 

(SnO2), Titanium (IV) oxide (TiO2), and Zinc oxide 

(ZnO) are highly desirable and auspicious materials for 

both fundamental research and real-world applications 

because of their chemical inertness, high activity, non-

toxicity, and affordability (Bhatti et al., 2021; Him et 

al., 2019; Saravanan & Soga, 2021; Shittu et al., 2023).  

Since ancient times, paint additives containing titanium 

dioxide (TiO2) have been widely used to create white 

pigments. One of the most often used metal oxides is 

titanium (IV) oxide (TiO2), which has strong 

photocatalytic activity and doesn't produce any 

secondary pollutants. (Him et al., 2019). It is well-

known for a number of characteristics, including high 

photoactivity, excellent stability, affordability, and non-

toxicity. TiO2-based nanostructures have been 

extensively researched in academic studies over the past 

few decades and have been applied to a wide range of 

applications, including energy storage, photovoltaics, 

sensors, and the elimination of organic pollutants and 

pathogens (Pant et al., 2019).  

Three crystalline forms of TiO2 are known to exist: 

rutile, anatase, and brookite. While rutile and anatase 

are the ideal phases for photocatalysis, brookite is 

thought to be the least stable phase and is not typically 

utilized for this purpose (Haider et al., 2019). Both rutile 

and pure anatase structure have band gaps of 3.0 eV and 

3.2 eV, respectively. As a result, only the near 

ultraviolet (UV) spectrum of solar radiation can be 

absorbed by pure TiO2. The recombination time of free 

radicals must be extended or the phase composition 

must be altered to significantly alter the material's 

optical and electrical properties in order to modify this 

property and shift the excitation threshold toward higher 

wavenumbers. This can be accomplished by doping 

TiO2 with different metal or non-metal substances 

(Nazlı, 2020).   

Also, the process employed in the synthesis of a 

photocatalyst has a significant impact on its 

characteristics and photocatalytic activity. Various 

methods have been employed to synthesize different 

photocatalyst materials such as sol-gel (Gorgani & 

Koozegar, 2020; Pant et al., 2019; Razani et al., 2017; 

Shivaraju et al., 2017; Solís-Casados et al., 2018), 

hydrothermal (Cheng et al., 2018), sonochemical (Boini 

et al., 2018), co-precipitation (Kareem et al., 2022; 

Shukla et al., 2022), etc.   

Photocatalytic activity of TiO2 has been reported by 

many researchers to be enhanced by doping with 

various metals using different methods of synthesis. 

Shivaraju et al., prepared Magnesium doped TiO2 [Mg-

TiO2] using a mild sol-gel technique and was 

characterized by XRD, SEM, and FTIR. From the 

characterization of the sample, it was observed that the 

sample shows mixed anatase and rutile phases with 

excellent crystallinity, structural elucidation and 

consequently shifting of the energy band gap. The 

synthesized and characterized Mg-TiO2 was reported to 

show excellent photocatalytic degradation efficiency. In 

another work by Toxicol et al., Magnesium doped 

titanium dioxide (Mg+2-TiO2) was synthesized using the 

sol-gel method and characterized using XRD, UV-

Visible, XPS, SEM, and FT-IR techniques. The 

magnesium weight percentages ranged from 0.25 to 1.0 

wt.%. The outcome showed that Mg+2 had no effect on 

the TiO2 crystal patterns. Methyl orange dye (MO) 

photocatalytic degradation was used to test the 

photocatalytic efficiency of the synthesized catalysts 

under visible light irradiation. The results showed that 

the Mg+2-TiO2 catalysts had higher catalytic activity 

than the undoped TiO2 catalysts. Yilleng et al., prepared 

1% Ag-TiO2, 3% Ag-TiO2, and 5% Ag-TiO2 and 

applied it to degrade Chlorazole black E and it was 

found that doping TiO2 with Ag at higher concentration 

does not enhance the activity of TiO2. Saravanan and 

Soga conducted a study wherein they synthesized pure 

and Ag-doped TiO2 nanoparticles for the purpose of 

photocatalytically degrading methylene blue. Using 

UV-visible spectroscopy and x-ray diffraction (XRD), 

the synthesized materials were examined. The various 

structural phases and crystallite sizes of the 

nanoparticles were displayed by the XRD results. The 

subsequent addition of Ag dopant resulted in a decrease 

in the photocatalysts' band gap. Methylene blue (MB) 

was photocatalytically degraded for up to 90 minutes in 

the presence of sunlight for both pure and Ag-doped 

TiO2 nanoparticles. It was determined that the duration 

of irradiation directly correlated with the enhancement 

of photocatalytic degradation of MB dye caused by the 

addition of Ag as a dopant into TiO2 crystal. Moreover, 

Sol-gel Synthesis of Fe2O3-doped TiO2 for Enhanced 

Photocatalytic Degradation of 2,4-

Dichlorophenoxyacetic Acid was conducted in a study 

by Razani et al. It was discovered that the tetragonal, 

crystalline anatase TiO2 cell structure dominated the 

catalysts that were generated. The 0.05wt% Fe2O3 

doped TiO2 catalyst demonstrated higher photocatalytic 

activity than undoped TiO2, according to the results of 

the photocatalytic degradation experiment. However, as 

the Fe2O3 content increased, the catalyst's performance 

decreased because of a potential increase in 

recombination centers. In this work, we investigated the 

photocatalytic activity of Bi-TiO2 at concentration of 

1%, 2%, 3% and 4% applying it to a modeled methylene 

blue and methylene orange dye. The preparation of TiO2 

and Bi-TiO2 at concentrations 1%, 2%, 3% and 4% was 

done by Sol-gel method and characterized using X-ray 

Diffraction (XRD), Fourier Transform Infra‐Red (FTIR) 

spectroscopy and Diffuse Reflectance Scattering (DRS).  
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MATERIALS AND METHODS 

Preparation of pure TiO2   

Undoped TiO2 nanoparticles are synthesized by sol-gel 

technique using Titanium isopropoxide C12H28O4Ti 

(TTIP) as a starting material. In the synthesis, 13 ml of 

2-Propanol was dropped into a beaker and 10 ml of 

acetic acid was added slowly. The solution was stirred 

for few minutes. After which 5 ml TTIP was added to 

the solution and it was stirred vigorously under 

magnetic stirrer for 15 minutes. 61 ml of de-ionised 

water was added drop wisely within 10 minutes to the 

solution and stirred continuously for 4hours. 

Consequently, the obtained solution was aged for 24 

hours at a room temperature. As prepared TiO2 gel were 

dried at 100oC for few hours (at least 5 hours). Finally, 

the obtained powder samples were ground and finally 

annealed at 500oC for 3 hours.   

 

Preparation of Bi-doped TiO2  

In a typical synthesis of bismuth doped TiO2, bismuth 

nitrate was dissolved in 61ml of deionized water at 

room temperature, stirred for 30 minutes to obtain a 

solution X. Solution Y was obtained by dissolving 5 ml 

of TTIP into 13 ml of 2-propanol and 10 ml of acetic 

acid, was stirred for 30 minutes. Then solution X was 

dropped wisely into the solution within 10 minutes 

under continuous vigorous stirring. The obtained 

solution was stirred for 2 hours at room temperature and 

left to age for 24 hours. The synthesized doped TiO2 gel 

were dried for few hours at 100oC. The powder was 

pulverized and annealed at 500oC for 3 hours.   

 

Characterization Technique  

A powdered X-ray technique was employed by Rigaku 

X-ray diffractometer with monochromatic Cu Kβ with 

wavelength (λ= 1.5406Å) at 40 kV and 30 mA to study 

the samples' grain size and crystallography. Within the 

scanning range of 10° to 80°, all samples had a scanning 

speed of 2.0156°. An FTIR spectrometer made by 

PerkinElmer was used to examine the samples' 

structural composition. Equation 1 gives the Kubelka-

Munk’s equation and the relation was used to determine 

the energy bandgap using the diffuse reflectance 

spectroscopy (DRS) technique (Kareem et al., 2022; 

Shukla et al., 2022).  

 𝐹(𝑅∞) =  
(1−𝑅∞)2

2𝑅∞
    (1) 

F(R) is proportional to the extinction coefficient (α), 

where R is the reflectance.  

 

Photocatalytic experiment  

Under direct sunlight, the synthesized samples 

photocatalytic activity was tested to break down a 

modeled methylene blue (MB) and methyl orange (MO) 

dye. Throughout the experiment, all other parameters 

remained the same, with the exception of the intensity 

of the sun. Distilled water was used to prepare the dye 

solution, which had a neutral pH and concentration of 

2.5 mol/L. A volumetric flask containing 1000 ml of 10 

ppm MB solution was prepared. The reaction vessel, a 

250 ml beaker, was set up on a magnetic stirrer. After 

adding 15 mg of photocatalyst for every 25 ml of dye 

solution, stirring for 20 minutes resulted in the 

formation of a suspension. After the suspension reached 

an equilibrium between adsorption and desorption in the 

dark for thirty minutes, it was exposed to solar 

irradiation for two hours. Three milliliters of the 

samples were taken and centrifuged for five minutes for 

separation at the designated time intervals (0 min, 20 

min, 40 min, and 60 min). A UV-visible 

spectrophotometer was used to measure the absorbance 

of the supernatant, and equation 2 was used to compute 

the percentages of degradation (Kareem et al., 2022; 

Shittu et al., 2023):    

 𝐷 =
𝐶𝑖−𝐶𝑓

𝐶𝑖
× 100%   (2)  

here Ci stands for the initial concentration of the dyes 

and Cf for their final concentration. Concurrently, the 

dye solution was subjected to solar radiation in the 

absence of a catalyst for the control experiment.  The 

following acronyms are used in relation to the 

photocatalytic activity: 

BT-4: Methyl Blue + Pure TiO2  

BBT-1: Methyl Blue + Bismuth doped TiO2 at 1%  

BBT-2: Methyl Blue + Bismuth doped TiO2 at 2%  

BBT-3: Methyl Blue + Bismuth doped TiO2 at 3%   

BBT-4: Methyl Blue + Bismuth doped TiO2 at 4%  

OT-4: Methyl Orange + Pure TiO2  

OBT-1: Methyl Orange + Bismuth doped TiO2 at 1%  

OBT-2: Methyl Orange + Bismuth doped TiO2 at 2%  

OBT-3: Methyl Orange + Bismuth doped TiO2 at 3% 

OBT-4: Methyl Orange + Bismuth doped TiO2 at 4%  

 

RESULTS AND DISCUSSION  

X-ray Diffraction Study 

The X-ray diffraction patterns of the undoped and 

Bismuth doped titanium (IV) oxide nanoparticles 

prepared by sol-gel method is shown in the figure 1a. 

The graph reveals the intensity peaks at concentration of 

0%, 1%, 2%, 3% and 4%. Figure 1b show the 

morphological property of Titanium (IV) oxide in terms 

of crystalline size and the full width at half maximum 

(FWHM). The crystalline size of peak of the plots was 

calculated using Scherrer’s equation using the most 

pronounced peaks of the undoped and doped TiO2. 

Figure 1b show the variation between the crystalline 

sizes (D) and full width at half maximum with respect to 

concentration. As the crystalline size decreases, Full 

Width at Half Maximum (degrees) increases with 

increase in the concentration of dopant (percentage). 

The peaks corresponding to 2θ= 25.50688, 25.46163, 

25.44482, 25.49128 and 25.42403 shows that TiO2 
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consists of majorly anatase phase with crystalline nature 

(Solís-Casados et al., 2018). The strongest peak (110) is 

gradually moved towards a lower 2theta degree by the 

addition of Bi nanoparticles. But as can be seen from the 

XRD pattern shown in figure 1c, the peak at 3% Bi-

TiO2 nanoparticles continued to be in line with the peak 

of pure TiO2. This indicates that the loading of Bi into 

the TiO2 lattice is successful. Equation 3 illustrates the 

application of Scherrer's equation to determine the 

samples' crystallite sizes. (Kareem et al., 2022; Shittu et 

al., 2023; Xie et al., 2018). Table 1 shows the crystalline 

size, FWHM, glancing angle and intensity for undoped 

and bismuth doped TiO2 at various concentrations. The 

Scherrer’s equation is given by:  

 𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
      (3)  

where β is the full width at half maxima (FWHM), θ is 

the glancing angle, λ is the experimental wavelength, or 

1.5406Å, and 0.98 is the shape factor. D is the 

crystallite size in nanometers. 

   

  
Figure 1: (a) X-ray diffraction peaks  (b) A graph showing the relationship between crystalline size, 

Full Width at Half Maximum and concentration at peaks.  

  

Table 1: The crystalline size, FWHM, glancing angle and intensity for undoped and Bi-TiO2 at concentrations 

1 – 4%.   

Concentration (%)  Crystallite size in 

(D) (nm)  

FWHM  

(degree)  

2θ  

(degree)  

Intensity 

(a.u)  

0  15.62011  0.54063  25.50688  14231.5202  

1  11.83758  0.71052  25.46163  26825.6625  

2  10.63204  0.79001  25.44482  36920.5021  

3  10.47061  0.80535  25.49128  46566.2483  

4  9.39005  0.89309  25.42403  51838.2148  

   

Fourier Transform Infrared Spectroscopy 

FTIR analysis was used to determine the functional 

group of the synthesized samples. The obtained spectra 

from the FTIR analysis for synthesized TiO2 and Bi-

TiO2 were shown in Figure 2. The peak at 3411.09881 

cm-1 in the infrared spectra of the undoped TiO2 
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nanoparticles was attributed to the O-H stretching 

vibration, indicating the presence of a hydroxyl group., 

the peak 490.592886 cm-1 show the stretching vibration 

of Ti-O, the peak 1627.50988 cm-1 show the stretching 

vibration of Ti-O-Ti while the peak at 3684.44269 cm-1 

indicate the presence of amines; while the presence of 

alkynes, aromatic rings, pyridines, and thiophenes are 

shown in the spectra of BT1 to BT-4. 

  

 
  Wave number (cm-1) 

Figure 2: A graph of Transmittance against wave number  

 

Diffuse Reflectance Spectroscopy   

Diffuse reflectance scattering (DRS) technique was used 

to examine the optical properties of both undoped and 

Bi-doped TiO2 within the 200-900 nm scanning range. 

Figure 3a shows the absorption spectra of pure TiO2 and 

Bi-TiO2. The absorbance for the samples increases with 

increasing wavelength from around 200nm to 320nm, it 

shows a decrease trend from 320nm to 600nm with 

increase in wavelength except for pure TiO2 which is 

from 320 – 430nm and then a linear trend henceforth. It 

can also be deduced from figure 3a that Bismuth doped 

TiO2 at 3% has the highest absorbance peak followed by 

2%, 4% and then 1%. Also, the reflectance spectra are 

shown in figure 3b.   

The samples' energy band gap was ascertained using the 

Kubelka-Munk relation. Table 2 displays the estimated 

band gap for each sample, and Figure 3c shows this 

information graphically. As Table 2 illustrates, the 

obtained results show that the band gap in TiO2 narrows 

from 3.23 eV to as low as 3.15 eV as the concentration 

of Bi increases; these low band gap values make this 

material potentially active under light illumination in the 

visible region of the electromagnetic spectrum (Solís-

Casados et al., 2018). 
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Energy (eV) 

Figure 3: (a) DRS absorbance spectra for undoped and Bi doped TiO2 (b) DRS reflectance spectra for undoped 

and Bi doped TiO2 (c) Tuac plot showing energy band gaps of undoped and Bi doped TiO2   

 

Table 2: Energy band gap and absorption maximum for doped and undoped TiO2   

Sample  Energy (eV)  Absorption peak (nm)  

T-4 (Pure TiO2)  3.23  322  

BT-1  3.22  323  

BT-2  3.20  319  

BT-3  3.18  320  

BT-4  3.15  319  

 

Photocatalytic Activity   

The degradation of the MB and MO dyes under solar 

light irradiation was employed to measure the 

photocatalytic activities of TiO2 and Bi-TiO2. The 

absorption spectra of an aqueous solution of 50 ml MB 

and MO with 30 mg of the various photocatalysts under 

solar light irradiation for varied time intervals are 

displayed in Figures 4 (a-e) and 5 (a-e). As the exposure 

time increases, it can be seen that the absorption peaks 

rapidly decrease, indicating the degradation of MB dye. 

The absorbance spectrum of UV-Vis was measured 

between 200 and 900 nm, with absorbance maxima 

noted at 664 nm and 466 nm for methyl blue and methyl 

orange respectively. The absorption peak of the samples 

continuously decreases with increase in exposure time 

(60 min). Though as expected that the percentage 

degradation of TiO2 should increase as the band gap of 

the samples is tuned toward the visible region with 

increase in the concentration of bismuth dopant, reverse 

is the case, as the concentration of dopant increase from 

1% to 4%, percentage degradation decreases. The TiO2 

photocatalyst's metal load is the cause of this behaviour. 

Because active molecules are deactivated by collisions 

with ground state molecules, which dominate the 

reaction, the photocatalytic activity of TiO2 

photocatalyst decreases with increasing metal load. 

(Yilleng et al., 2019). Figure 6 and 7 shows the rate of 

concentration degradation and percentage degradation 

of MB and MO dye against time respectively. The 

percentage degradation of each sample was calculated 

using equation 3 (Kareem et al., 2022; Shittu et al., 

2023). The calculated percentage degradation for each 

of the sample is shown in table 3.  

    𝐷 =
𝐶𝑖−𝐶𝑓

𝐶𝑖
× 100%   (3)  

where Ci stands for the initial concentration of the dyes 

and Cf for their final concentration.
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  Wavelength 

Figure 4: Absorbance spectra of pure TiO2, 1%, 2%, 3%, and 4% Bi-TiO2 

nanoparticles in MB solution under solar irradiation.  

 

 
Figure 5: The MO solution's absorbance spectra for (a) pure TiO2, (b) 1%, (c) 2%, (d) 3%, 

and (e) 4% Bi-TiO2 nanoparticle under solar irradiation.   
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Figure 6: (a) Rate of MB dye concentration degradation over time (b) Percentage Degradation against 

time plot for each sample in MB  

 

 
      30-    20-     10-     0        10Time (min)20 30      40     50      60    70                 30 -    20 -    10 -    0        10Time (min)20   30    40      50   60    70 

Figure 7: (a) Rate of MO dye concentration degradation over time (b) Percentage 

Degradation against time plot for each sample in MO  

  

Table 3: Percentage degradation of Samples   

Sample  Ct  C0  C0 - Ct  (C0 – Ct)/C0  %Degradation  

BT4  0.098  0.913  0.815  0.89266  89.26616  

BBT1  0.17  0.913  0.743  0.8138  81.38007  

BBT2  0.186  0.913  0.727  0.79628  79.6276  

BBT3  0.262  0.913  0.651  0.71303  71.3034  

BBT4  0.36  0.913  0.553  0.6057  60.56955  

OT4  0.416  0.995  0.579  0.58191  58.19095  

OBT1  0.426  0.995  0.569  0.57186  57.18593  

OBT2  0.536  0.995  0.459  0.46131  46.13065  

OBT3  0.569  0.995  0.426  0.42814  42.81407  

OBT4  0.583  0.995  0.412  0.41407  41.40704  

 

CONCLUSION   

In this study, undoped TiO2 and Bi-TiO2 at 

concentration 1-4% were successfully synthesized by 

Sol-gel method. X-ray diffraction analysis reveals that 

the crystallite size of the undoped TiO2 is 15.62011 nm. 

This Crystalline size decreases with increase in 

concentration of Bismuth as dopant. FTIR was used to 

determine the various functional groups in TiO2 

nanoparticles. Diffuse Reflectance Spectroscopy was 

used to determine the effect of doping on the optical 

properties of the samples. It was found that undoped 

TiO2 and Bi-TiO2 (from 1% to 4%) has the band gap of 

3.23eV, 3.22eV, 3.20eV, 3.18eV and 3.15eV, 

respectively. The degradation model of a methylene 

blue and methylene orange dyes was used to assess the 

samples' photocatalytic activity. From the results of 

percentage degradation evaluated, it can be concluded 

that doping TiO2 with Bismuth at 1%, 2%, 3%, and 4% 

does not improve the photo degradation performance of 

TiO2 but rather reduces it.      
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