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Abstract 

Wastewater pollution is mainly produced from the dye textile industry and the most widely used photocatalyst to 

degrade dye textile is TiO2 due to its photostability, low toxicity, and low production cost. However, TiO2 is only 

responsive under UV light; thus, our study is to extend the TiO2 absorption light to visible region via doping of bio-

based carbon source, viz. ascorbic acid, to produce carbon-doped TiO2. The carbon-doped TiO2 were solvothermally 

synthesized with varying carbon loadings (10, 30, and 50 wt%) and calcination temperatures (250, 300, and 400 oC). 

The functional groups of carbon-doped TiO2 were determined, which the carbonyl groups (C=O) at 1700 cm-1, alkenyl 

groups (C=C) at 1630-1670 cm-1, hydroxyl groups at 3380-3390 cm-1, and TiO2 appeared at 450 cm-1. The absorption 

spectra shifted from UV to visible-light region and the band gap was reduced compared to undoped TiO2. The 

photoluminescence results showed that the surface oxygen vacancies (SOVs) are generated for carbon-doped TiO2. The 

Ti–C bond formation was proved through diffractogram peak shifting, while the crystallite sizes decrease with 

increasing carbon amount and decreasing calcination temperature. The highest methylene blue photodegradation of 

89.53% was achieved by 30 wt%C-TiO2-250 photocatalyst at pH 10 under 2 h visible light irradiation. 
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1. Introduction  

In the 21st century, the major global concern 

is to provide and ensure the cleanliness of water 

supply for the whole ecosystem. Water 

contamination is mainly caused by the expansion 
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   Email: sinyuan.lai@xmu.edu.my (S.Y. Lai) 

of industrialization. Among all of the industries, 

textile dyeing is the second-largest polluter of 

water worldwide, with the fashion industry 

producing 20% of the world’s wastewater alone 

[1,2]. The issue is currently encountered by the 

countries relying on textile dyeing industry, such 

as China, Bangladesh, Thailand, and Indonesia. 

The textile manufacturers use large amounts of 

water and the resulting wastewater produces 
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highly polluted discharge [1]. Most dye effluents 

are highly poisonous and non-biodegradable, and 

thus giving rise to significant negative impacts on 

the environment, aquatic and human life.  

Photocatalysis, a green chemistry technology, 

has drawn a lot of attention due to its emerging 

materials in potentially wastewater treatment, 

including textile dye effluents. The photocatalytic 

concept is about semiconductors to absorb 

sufficient photon energy and create electron-hole 

pairs, whereby the excited electrons jump from 

valence band to conduction band to overcome the 

band gap edges. The photocatalysis involves redox 

reaction, which the electrons act as the reducing 

agents while the positive holes act as the oxidizing 

sites. The water and oxygen molecules or oxygen-

carrier reagents adsorb on the catalyst surface to 

generate hydroxyl radicals (HO•) and reactive 

oxygen radicals (ROS) [3]. The dye pollutants that 

adsorb onto the catalyst surface are decomposed 

by the HO• and ROS to generate less hazardous 

chemicals or mineralize to non-hazardous CO2 

and water. 

Among semiconductors used in 

photocatalysis, TiO2 is the most promising 

semiconductor in photocatalytic dye degradation 

due to its high chemical stability, high oxidizing 

power, low cost, and environmental friendliness 

[3–5]. Compared to other wastewater treatment 

methods, such as ozonolysis, which requires a 

high-power supply and leads to intensive coal 

combustion, or biological treatment, which 

generates irritating biogases, TiO₂ photocatalysis 

presents a more sustainable alternative. This 

approach utilizes solar energy as its primary 

power source, making it an environmentally 

friendly and energy-efficient solution. 

Nonetheless, TiO2 semiconductor poses key 

drawbacks, i.e. wide band gap and fast electron-

hole recombination rate, that restraining its wide 

applications. It can only absorb 5% UV light of the 

solar spectrum owing to wide band gap (3.2 eV), 

while the fast electron-hole recombination causes 

low HO• and ROS generation for degradation. 

Lots of endeavors have been devoted to narrow the 

band gap and reduce charge recombination, such 

as metal doping [6–8], non-metal doping [9–11], 

dye-sensitizing [12,13], etc. 

The metal doped TiO2 could reduce the 

electron-hole recombination rate but increasing 

charge trapping in TiO2 [5] and lower thermal 

stability [4]. Besides, the dye-sensitized TiO2 is 

not appropriately used for dye degradation [4], 

might due its low durability and reusability upon 

prolonged exposure to chemicals, temperature 

and light, this will subsequently affect the 

effective of TiO2 in photocatalytic activity. 

Intriguingly, the non-metal dopants exhibit 

higher thermal stability and no charge trapping 

issue (better charge transfer) [5]. One of the non-

metal doping is using carbon sources, such as 

ethanol [4,5,14], glucose [15–17], propanol [18], 

starch [19] and glycol [20], have been carried out 

by researchers to dope or modify the TiO2 catalyst 

using reverse microemulsion [21], chemical vapor 

deposition [22], carbonization [16], sol-gel [3,5], 

and hydrothermal/solvothermal [4,23–25]. Among 

these methods, hydrothermal / solvothermal 

treatments offer greater control over the synthesis 

process, resulting in a more homogeneous 

structure with strong chemical bonding. 

Additionally, these methods are advantageous 

due to their simplicity, relatively short reaction 

times, and operation within an acceptable 

temperature range, making them efficient and 

practical for material synthesis.   It is reported 

that the carbon atoms substitute the oxygen 

lattice in TiO2 to give oxygen vacancies and Ti-C 

bonds, causing charges are trapped and 

transferred for a better photocatalytic efficiency 

[3].  

In detail, the surface modification that has 

been investigated mostly are carbohydrates and 

alcohols with hydroxyl groups (–OH), which are 

common carbon sources for TiO2 doping. The 

hydroxyl group (–OH) in carbohydrates and 

alcohols can form oxidative hydroxyl radicals 

(•OH) as the principal oxidants in 

photodegradation, thus enhance the 

photocatalytic performance [26]. Additionally, 

carbon doping can narrow the band gap for 

expanding to visible light activation, and 

withdraw electron to increase electron flow for 

higher immobilization [19]. For instances, glucose 

and starch as the carbohydrate carbon source to 

significantly improve the photocatalytic activity 

[27,28] and the removal of anionic Orange II was 

improved by the butanol-modified TiO2 applying 

alcohol as the carbon source [29].  

As the efficiency of carbon source with solely 

hydroxyl group still can be improved, this 

research tends to study carboxylic acid compounds 

with carboxyl groups (–COOH), which comprised 

of both hydroxyl and carbonyl group (C=O), to 

produce a visible light-responsive TiO2. Among 

them, ascorbic acid is chosen to modify TiO2 lattice 

as the natural availability and simple technology. 

The bidentate carboxylate ligand O–Ti–C is a 

strong electron-withdrawing group contributing 

to better charge separation and interfacial charge 

transfer efficiency; hence the photocatalytic 

performance could be improved. Ascorbic acid has 

only been employed once as carbon-doping TiO2 

via incipient wet impregnation and achieved ideal 

hydroquinone photocatalytic degradation rate 

[30]. 

To the best of our knowledge, no research 

reports on using ascorbic acid as TiO2 carbon 

dopant through solvothermal-calcination 

approach. Hence, our research demonstrates the 

structural modification of TiO2 lattice with 

ascorbic acid, aiming to produce a carbon-doped 
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TiO2 with narrower band gap, reduced electron-

hole recombination rate, and enhanced interfacial 

charge transfer. The different loadings of carbon-

doped TiO2 using ascorbic acid are studied 

through solvothermal process under different 

calcination temperatures. Then, a series of 

characterizations to investigate the physico-

chemical properties, such as band gap, crystalline 

phases, functional group and charge transfer, are 

followed. Lastly, the photocatalytic activity of 

carbon-doped TiO2 is evaluated by the 

degradation with methylene blue (MB) under 300 

W visible light irradiation for 2 h.   

This study serves as a foundation for the 

broader development of photocatalytic technology 

by addressing key aspects such as material 

optimization, mechanistic insights, and the 

degradation of diverse pollutants. Firstly, the 

doping of TiO2 can modify its surface and intrinsic 

properties, enabling it to absorb light at longer 

wavelengths with lower energy requirements, 

thereby enhancing its photocatalytic efficiency. 

Secondly, investigating reaction pathways and 

photodegradation kinetics provides valuable 

insights into process optimization, facilitating the 

application of photocatalysis across various fields. 

Lastly, the applicability of photocatalysis extends 

beyond dye degradation to a wide range of 

pollutants, including pesticides, pharmaceuticals, 

and heavy metals, demonstrating its versatility as 

an advanced environmental remediation 

technology.  

 

2. Materials and Method 

2.1  Materials 

Acetic acid (100%, glacial, Sigma-Aldrich), 

ethanol (95%, Sigma-Aldrich), absolute ethanol 

(Sigma-Aldrich), titanium (IV) butoxide (98%, 

Sigma-Aldrich), and ascorbic acid (Sigma-

Aldrich). 

 

2.2  Method 

2.2.1  Catalyst preparation 

1 mL of acetic acid was added into 10 mL 

distilled water and 6 mL of titaniu(IV) butoxide, 

Ti(C4H9O)4 (MW = 340.32 g.mol-1) was added into 

20 mL of 95% ethanol. After that, acetic acid 

solution was added dropwise into the TiO2 

solution to acid-catalyze the formation of titanium 

sols through hydrolysis. The titanium sols were 

then sonicated for 10 min and stirred vigorously 

for 20 min to promote the condensation reaction 

(Figure 1). While waiting for the TiO2 formation, 

the ascorbic acid (10 wt%, MW = 176.124 g.mol-1) 

was dissolved in 20 mL absolute ethanol. The as-

synthesized TiO2 solution was then mixed with 

ascorbic acid (10 wt%). The mixture solution was 

transferred to a 100 mL Teflon-lined stainless-

steel autoclave. The autoclave was put inside the 

oven for solvothermal treatment at 160 °C for 10 

h. After 10 h, the Teflon-lined stainless-steel 

autoclave was allowed to cool to room 

temperature. The as-synthesized precipitate was 

Figure 1. Hydrolysis and condensation reaction of titanium(IV) butoxide to form TiO2. 
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Catalyst denotation Ascorbic 

acid (wt%) 

Calcination 

temperature (oC) 

10wt%C-TiO2-250 10 250 

30wt%C-TiO2-250 30 250 

50wt%C-TiO2-250 50 250 

10wt%C-TiO2-300 10 300 

30wt%C-TiO2-300 30 300 

50wt%C-TiO2-300 50 300 

10wt%C-TiO2-400 10 400 

30wt%C-TiO2-400 30 400 

50wt%C-TiO2-400 50 400 

collected by centrifuging repeatedly and washed 

with ethanol and distilled water for three times. 

The fine powder was obtained after drying the 

collected precipitate in an oven for overnight. The 

dried, fine powder (carbon-doped TiO2) was 

calcined in a muffle furnace at 250 °C.  

The same steps above were repeated for 

ascorbic acid with 30 and 50 wt% and calcination 

temperatures at 300 and 400 °C. The denotation 

is as such, x wt%C-TiO2-y with x = loading amount 

and y = calcined temperature, as shown in Table 

1. 

 

2.2.2  Characterizations 

The photocatalysts were characterized by 

double beam Diffuse Reflectance-Ultraviolet 

Visible (DR-UV VIS, brand: Shimadzu) with the 

range of 200 nm to 800 nm. BaSO4 is used as the 

reference to determine the baseline. Ensure that 

the powder is evenly dispersed to fully cover the 

mirror of the sample holder. The DR-UV Vis 

spectrophotometer was setup with 200 nm/min of 

scanning speed. A wavelength (x-axis) vs 

absorbance (y-axis) curve is plotted and Tauc Plot 

is plotted out using these equations, E=1240/λ on 

the x-axis and (ahυ)2 on the y-axis. The n=1/2 is 

used due to its direct allowed transition. 

Extrapolation is carried out in the linear region of 

the plot to the x-axis and the point at which it 

intersected was determined. The band gap values 

are then determined from the Tauc plot.   

The Spectrum One Fourier Transform 

Infrared Spectroscopy (FTIR, brand: Perkin 

Elmer) with KBr pellets was used to characterize 

all of the photocatalyst samples within the range 

of 400 to 4000 cm-1. The scanning rate was set as 

4 cm-1. A mixture of 1:100 catalyst to KBr was 

prepared and finely crushed into a fine powder 

under clean conditions. Subsequently, the 

catalyst/KBr blend was pressed into a thin pallet 

under 10 ton of pressure using a hydraulic press. 

The pellet was then loaded into the sample 

compartment of the FTIR instrument for analysis. 

XRD patterns of samples were evaluated 

using a Bruker analyzer (D8 Advance). The 

carbon-doped TiO2 photocatalysts were analyzed 

with a spectrum range of 20–80o using 

DIFFRAC.EVA diffractometer having Cu-Kα 

radiation (I = 30 mA, V = 40 kV). The Debye-

Scherrer equation (Equation (1)) was used to 

calculate the crystallite size of the as-synthesized 

carbon-doped TiO2.  

 

𝐷 =
𝑘𝜆

𝛽 cos𝜃
     (1) 

 

where, D is the crystallite size of plane (101) for 

anatase TiO2, K is the Scherrer constant, 0.94, for 

spherical crystallite, λ is the X-ray wavelength, 

Cu-Kα = 1.5406 Å (0.15406 nm), β is the full width 

at half-maximum height (FWHM) of the peak in 

radians,  and θ is the Bragg’s angle in degrees, 

half of 2θ. 

Photoluminescence (PL) emission spectra 

were measured on a Raman spectrometer at room 

temperature with the Xenon lamp at the 

excitation light of 325 nm. The PL spectra in the 

range of 200 – 600 nm were investigated. 

 

2.2.3   Photocatalytic activity 

25 ppm methylene blue (MB) solution was 

prepared by weighing 12.5 mg of MB and 

dissolving in 500 mL of volumetric flask. It was 

then transferred to a 500 mL photoreactor and the 

solution was added with 1 M NaOH to obtain pH 

of 10. 10 mL of 5 mM H2O2 and 0.1 g photocatalyst 

were added into the photoreactor containing 25 

ppm of MB. Dark condition was conducted to 

investigate the adsorption-desorption equilibrium 

state. 3 mL aliquot was taken out using a syringe 

filter (0.22 μm pore size) for 10-min intervals until 

adsorption-desorption equilibrium was reached. 

UV-vis spectroscopy was used to measure the 

absorbance. After 30-min of dark condition, 300 W 

of visible light was switched on. During the 

photocatalytic process, 3 mL aliquot was taken out 

every 20-min interval until 2 h. The photocatalytic 

activity was determined using the equation (C0-

Ct/C0) × 100%, where C0 is the initial MB 

concentration and Ct is the remaining MB 

concentration. Figure 2 is an overview on the 

procedure of carrying out photocatalysts 

evaluation. 

 

3. Results and Discussions 

3.1  Fourier Transform Infrared Spectroscopy 

(FTIR) Analysis 

The FTIR spectra is used to determine the 

functional groups, such as –OH, C=O, C=C, and 

C–O, appear on TiO2 because they are vital for 

pollutant adsorption and charge transfer 

enhancement. In Figure 3(a), the cyclic alkene of 

Table 1. The denotations of carbon-doped TiO2 
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C=C band contributed by ascorbic acid is 

stretching at 1622 cm-1, O–H stretching at 3380 

cm-1 due to adsorbed water molecules and 

hydroxyl groups by ascorbic acid, and O–Ti–O 

stretching at 450 cm-1 [31]. The 30wt%C-TiO2-250 

has the highest photocatalytic activity of 89.53%, 

followed by 50wt%C-TiO2-250 with 86.82%, 

because of the carbon has interrupted the TiO2 

framework and the presence of carbon-containing 

functional groups could scavenge the excitons to 

facilitate charge separation and transmission. In 

Figure 3(b), it also consists of tetrasubstituted 

C=C stretching at 1670 cm-1, O–H stretching at 

3390 cm-1 and O–Ti–O stretching at 450 cm-1. The 

50wt%C-TiO2-300, 30wt%C-TiO2-300 and 

10wt%C-TiO2-300 show a better photocatalytic 

activity compared to pure TiO2, due to the absence 

of O=C=O at a higher calcination temperature [32] 

and successful incorporation of carbon into TiO2 

lattice. Figure 3(c) displays the similar absorption 

peaks, namely C=C stretching at 1670 cm-1, O–H 

stretching at 3380 cm-1 and O–Ti–O stretching at 

450 cm-1.  

Pure TiO2 with different calcination 

temperatures have the same trend in Figure 4(a). 

It can be observed that all of them consist of C=C 

Figure 2. Photodegradation of methylene blue using carbon-doped TiO2 under visible light irradiation. 

Figure 3.  FTIR spectra for TiO2 with (A) 50 wt%, (B) 30 wt%, (C) 10 wt% of carbon dopants and (D) 

undoped at (a) 250, (b) 300, (c) 400 °C. 

(a) (b) 

(c) 
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stretching at 1630 cm-1, O–H stretching at 3370 

cm-1 and O–Ti–O stretching at 450 cm-1 [31]. In 

Figure 4(b), TiO2 with 10 wt% carbon dopants at 

different calcination temperatures consist of 

almost the same bond stretching as pure TiO2, 

such as C–C stretching at 1640 cm-1, O–H 

stretching at 3390 cm-1, O–H bending at 1390      

cm-1, and O–Ti–O stretching at 450 cm-1. In Figure 

4(c), 30wt%C-TiO2 exhibits the similar absorption 

bands as Figure 4(b), which consisting of C=C 

stretching at 1640 cm-1, O–H stretching at 3390 

cm-1, O–H bending at 1390 cm-1, and O–Ti–O 

stretching at 450 cm-1. The photocatalytic activity 

is the highest at 89.53% contributed by 10wt%C-

TiO2-250 because the presence of C=O and C=C 

that could trap and transfer electrons to facilitate 

charge separation. Figure 4(d) shows 50wt%C-

TiO2 at a higher calcination temperature, i.e. 400, 

has C=C stretching at 1640 cm-1, O–H stretching 

at 3390 cm-1, C–H stretching at 1380 cm-1, and O–

Ti–O stretching at 450 cm-1, but no C=O 

stretching. At lower calcination temperatures of 

250 and 300 oC, the C=O stretching appears at 

1700 cm-1, indicating its significant to give a 

higher photodegradation at 86.82% (50wt%C-

TiO2-250) and 84.96% (50wt%C-TiO2-300), 

respectively; however, 50wt%C-TiO2-400 gave 

only 44.11% of MB photodegradation. FTIR 

spectra demonstrates that carbonyl (C=O) groups 

play a crucial role in enhancing MB adsorption on 

C-TiO2 surfaces through -  interaction with the 

aromatic ring of MB. Moreover, hydroxyl (OH) 

groups influence electrostatic charges on TiO2 

surface, inducing it more negatively charges in the 

alkaline condition and thus, stronger attraction 

towards MB cationic dye. 

 

3.2  X-ray Diffraction (XRD) Analysis 

Figure 5 shows XRD diffractogram of 

calcination temperatures (250, 300, and 400 oC) on 

carbon-doped TiO2 with different loadings amount 

of ascorbic acid at (a) 10 wt%, (b) 30 wt%, and (c) 

50 wt%. All these diffractograms are assigned to 

anatase TiO2 (JCPDS file no. 21-1272), where the 

characteristic peaks are observed at 25.3o (101), 

37.8o (004), 48.0o (200), 53.8o (105), 55.0o (211), 

62.6o (204), 68.6o (116), 70.2o (220), and 75.1o (215). 

There is only anatase phase observed and no 

rutile phase of TiO2 could be found in the 

diffractogram. It is because the rutile phase 

appears when the calcination temperature 

reaches more than 400 oC [33], which could cause 

inferior photocatalytic activity. It is observed that 

intensity of the peak is higher and width of the 

peak is narrower with increasing of calcination 

temperatures at the corresponding carbon 

loadings of 10, 30 and 50 wt%. This phenomenon 

is also reported by another research group [32]. To 

explain this observation, the crystallite sizes are 

calculated and listed in Table 2. Table 2 displays 

the crystallite sizes of respective carbon-doped 

Figure 4. FTIR spectrum of (a) TiO2, (b) 10wt%C-TiO2, (c) 30wt%C-TiO2, and (d) 50wt%C-TiO2 at different 

temperatures at (A) 400 °C, (B) 300 °C and (C) 250 °C. 

(c) (d) 

(a) 
(b) 
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Catalyst Crystallite size (nm) 

10wt%C-TiO2-250 4.80 

10wt%C-TiO2-300 4.89 

10wt%C-TiO2-400 5.03 

30wt%C-TiO2-250 3.43 

30wt%C-TiO2-300 4.47 

30wt%C-TiO2-400 8.94 

50wt%C-TiO2-250 2.09 

50wt%C-TiO2-300 6.59 

50wt%C-TiO2-400 4.49 

TiO2 of 10, 30, and 50 wt%, with elevating 

calcination temperatures of 250, 300 and 400 oC. 

The increment of the calcination temperature 

could increase the crystallite sizes of the carbon-

doped TiO2, which aligned with the findings from 

the other literatures [15,33]. The increase of the 

crystallite size is caused by thermally promoted 

crystalline growth, possibly the smaller 

crystalline anatase TiO2 grows after nucleation 

via Ostwald ripening or combination of smaller 

primary crystals into larger secondary crystals 

[32].  

Figure 6 shows XRD diffractogram of carbon 

loadings (10, 30, and 50 wt%) on TiO2 at different 

calcination temperatures of (a) 250 oC, (b) 300 oC, 

and (c) 400 oC. All these diffractograms are 

assigned to anatase TiO2 (JCPDS file no. 21-1272), 

where the characteristic peaks are observed at 

25.5o (101), 38.1o (004), 48.2o (200), 54.4o (105), 

55.5o (211), 63.1o (204), 69.3o (116), 70.7o (220) and 

75.4o (215). The undoped TiO2 and carbon-doped 

TiO2 gave slightly different degree at the anatase 

phase (101). Figure 6(a) obviously depicts the 

peaks are slightly shifted to lower degree with 

increasing of carbon loadings under the same 

calcination temperature. This shifting indicates 

the carbon has been successfully interrupt the 

TiO2 lattice to give Ti–C bond. It is reported that 

the bond length of Ti–C (2.008 and 2.21 Å) is 

longer than Ti–O (1.942 and 2.002 Å) and the C4- 

radius is also larger than O2- in the TiO2 

framework [4]. At a higher temperature of 400 oC, 

the carbon doping effect to the shifting is less due 

to the carbon is almost fully decomposed, thus less 

Ti–C bond could be formed. The similar 

phenomenon of lower degree shifting is also 

reported by the research group [4]. 

Table 3 displays the crystallite sizes of 

respective carbon-doped TiO2 at 250, 300 and 400 
oC calcination temperatures, with elevating 

carbon loadings of 10, 30 and 50 wt%. Under the 

calcination temperature of 250 oC, the increment 

of carbon loadings could decrease the crystallite 

sizes owing to the carbon insertion could inhibit 

the TiO2 crystal growth, which has been discussed 

by other studies as well [4,32,33]. However, at 

Table 2. The crystallite sizes of carbon-doped TiO2 

at different calcination temperatures. 

Figure 5. XRD diffractogram of calcination temperatures (250, 300, and 400 oC) on carbon-doped TiO2 

with different loadings amount of ascorbic acid at (a) 10 wt%, (b) 30 wt%, and (c) 50 wt%. 

(c) 

(a) 
(b) 



 

 

 

Bulletin of Chemical Reaction Engineering & Catalysis, 20 (1), 2025, 184 

Copyright © 2025, ISSN 1978-2993 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photocatalyst Band Gap (eV) 

TiO2-250 2.80 

10wt%C-TiO2-250 2.80 

30wt%C-TiO2-250 1.88 

50wt%C-TiO2-250 1.73 

TiO2-300 3.05 

10wt%C-TiO2-300 3.00 

30wt%C-TiO2-300 2.86 

50wt%C-TiO2-300 2.66 

TiO2-400 3.00 

10wt%C-TiO2-400 3.05 

30wt%C-TiO2-400 2.94 

50wt%C-TiO2-400 3.17 

Catalyst denotation Crystallite size (nm) 

TiO2 7.54 

10wt%C-TiO2-250 4.80 

30wt%C-TiO2-250 3.43 

50wt%C-TiO2-250 2.09 

10wt%C-TiO2-300 4.89 

30wt%C-TiO2-300 4.47 

50wt%C-TiO2-300 6.59 

10wt%C-TiO2-400 5.03 

30wt%C-TiO2-400 8.94 

50wt%C-TiO2-400 4.49 

higher calcination temperatures of 300 and 400 
oC, the crystallite sizes are not reduced which 

might be attributed to dissimilar boundaries 

(grain boundary defects) created by carbon doping 

[32]. The broader diffractogram with a smaller 

crystallite size could give a greater number of 

grain boundary defects [32]. 

 

3.3  DRUV-Vis Analysis 

Figure 7(a) and Table 4 show the band gaps of 

carbon-doped TiO2 calcined at 250 °C are 

decreasing: 2.80 (undoped TiO2-250 and 10wt%C-

TiO2-250), 1.88 (30wt%C-TiO2-250) and 1.73 eV 

(50wt%C-TiO2-250) when the carbon dopants 

increase from 0 wt% to 50 wt%. The band gaps 

with 1.88 eV and 1.73 eV showed higher 

photocatalytic degradation with 89.53% and 

86.82%, respectively. A narrower band gap results 

in higher photocatalytic activity because less 

energy required for electrons to travel from the 

valence band to conduction band, which allows 

more electron-hole pair to be generated [34]. On 

the contrary, when the band gap is too small, the 

recombination rate of electron-hole pairs is 

higher, hence resulting in lower photocatalytic 

activity. Although TiO2-250 and 10wt%C-TiO2-

Table 3.  The crystallite sizes of undoped TiO2 

and carbon-doped TiO2 at 10, 30, and 50 wt% 

with their respective calcination temperatures. 

Table 4.  Band gaps of undoped TiO2 and carbon-

doped TiO2. 

Figure 6.  XRD diffractogram of carbon loadings (10, 30, and 50 wt%) on TiO2 at different calcination 

temperatures of (a) 250 oC, (b) 300 oC, and (c) 400 oC. 

(c) 

(a) (b) 
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250 have the same band gap of 2.80 eV, but the 

latter one a has higher photocatalytic activity of 

50.44% due to the carbon modification that has a 

better dye adsorption capability. The similar band 

gap narrowing results are observed in Figure 7(b). 

The band gaps are reduced from 3.05 eV to 2.66 

eV and it is observed that the photocatalytic 

activities are increased from 49.06% to 84.97%. 

This is because more excitons could be formed, 

then heightening the charge separation and 

transfer process [33]. In Figure 7(c), the band gaps 

are increased from 3.00 eV to 3.17 eV instead of 

decreasing after addition of carbon. However, an 

increase of photocatalytic activity from 48.24% to 

70.22% is observed, followed by a decrease of 

photocatalytic activity from 70.22% to 44.11%. 

This is because the band gap is large, the electrons 

need more energy to across over the band gap, 

thus causing fast electron-hole recombination rate 

and less active sites for reaction.  

 

3.4  Photoluminescence (PL) Analysis 

Figure 8 shows PL spectra of calcination 

temperature (250, 300, and 400 oC) for (a) 

10wt%C-TiO2, (b) 30wt%C-TiO2 and (c) 50wt%C-

TiO2. The effects of carbon loadings and 

calcination temperature in carbon-doped TiO2 

towards charge transfer are discussed. During the 

calcination process, the carbon is either 

decomposed or carbonised with increasing 

temperature, then the deposited carbon onto TiO2 

would penetrate into TiO2 lattice framework to 

give Ti–C bond or carbon-doped TiO2. The carbon 

materials are used as electron traps or scavengers 

[35] in conjuncture with oxygen vacancies also 

play the same role in suppressing rapid electron-

hole recombination. Additionally, oxygen 

vacancies also introduce localized states within 

the TiO2 band gap, reducing the band gap energy 

and enabling better absorption of visible light. The 

sufficient amount of carbon could prevent those 

oxygen vacancies from neutralized by O2 in the 

air. The anatase TiO2 shows emission PL peaks at 

around 500 – 520 nm, which attributed to surface 

oxygen vacancies (SOVs), meanwhile, no self-

trapped exciton (STEs, 420 – 430 nm) and bulk 

oxygen vacancies (BOVs, 590 – 640 nm) are 

observed [16]. The electron-hole activity 

contributes significantly to photodegradation 

efficiency.  

Based on Figure 8(a), the lowest PL intensity 

is 10wt%C-TiO2-400, while both 10wt%C-TiO2-

250 and 10wt%C-TiO2-300 display higher 

intensity. It might be attributed to 10 wt% of 

carbon was completely burnt off at 400 oC and no 

carbon left on the TiO2 surface, causing the SOVs 

are totally eliminated by O2 in the air. The loss of 

SOVs result in the lowest PL intensity for 

Figure 7. Comparisons of Tauc Plot for carbon-doped TiO2 with different amount of carbon dopants at 

calcination temperatures of (a) 250 oC, (b) 300 oC, and (c) 400 oC. 

(c) 

(a) (b) 
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10wt%C-TiO2-400. In Figure 8(b), the amount of 

carbon loading was increased from 10 to 30 wt%. 

The 30wt%C- TiO2-250 exhibited the lowest 

intensity, while 30wt%C-TiO₂-300 and 30 wt%C-

TiO2-400 showed higher intensities, indicating 

successful carbon incorporation into the TiO₂ 
lattice and the formation of sufficient SOVs. The 

presence of moderate SOVs lowers the exciton 

energy level, facilitating enhanced charge 

separation. Similarly, an optimal carbon doping 

concentration introduces impurity states within 

the TiO₂ band gap, reducing its band gap energy 

and improving visible-light absorption. As a 

result, this photocatalyst (30wt%C-TiO2-250) 

demonstrated the highest MB photodegradation 

efficiency. In Figure 8(c), the carbon loading 

adopted is 50 wt% and 50wt%C-TiO2-250 shows 

the lowest intensity due to the same reason as 

30wt%C-TiO2-250, thus resulting as the second 

ranked in the MB photodegradation. The 

photocatalysts, 30wt%C-TiO2-300, 30wt%C-TiO2-

400, 50wt%C-TiO2-300 and 50wt%C-TiO2-400, 

exhibited at higher PL intensities might be due to 

excess carbon deposited on TiO2 surface, hence, 

preventing the pollutant adsorption and lowering 

photodegradation efficiencies. Our findings are in 

agreement with the past literatures [16,32]. 

3.5  Photocatalytic Activity and Kinetic Study 

3.5.1  Photocatalytic activity 

In Figure 9(a), an increasing trend of MB 

photodegradation of carbon-doped TiO2 at 250 °C 

is observed. It indicates that increasing in carbon 

dopant amounts result in increasing 

photodegradation from 42.50% to 89.5%, due to 

narrow band gap, incorporation of carbon into 

TiO2 lattice, and sufficient SOVs are formed. 

Besides that, in Figure 9(b), the photodegradation 

rate for carbon-doped TiO2 calcined at 300 °C 

increases from 49.06% to 84.97% when the carbon 

amount has increased. In Figure 9(c), the 

photodegradation rate increases from 48.24% to 

70.22% for undoped TiO2-400 and 10wt%C-TiO2-

400. This can be explained by modification in the 

structure of the TiO2 due to addition of carbon 

dopants could lead to a higher light absorption 

range and promote the generation of electron-hole 

pairs. However, once it has reached a certain 

point, excess carbon amount will lead to a higher 

recombination rate of electron-hole pairs and slow 

down the photocatalytic process, therefore the 

photodegradation rate decreased to 44.11% for 

50wt%C-TiO2-400.  

Figure 8. PL spectra of different calcination temperature for (a) 10wt%C-TiO2, (b) 30wt%C-TiO2 and (c) 

50wt%C-TiO2. 

(c) 

(a) (b) 
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In Figure 10(a), pristine TiO2 which calcined 

at 300 °C has the highest photocatalytic activity 

with 49.06% due to narrower band gap. In Figure 

10(b), the photodegradation conversion of 

10wt%C-TiO2 increases from 50.44% to 70.22% 

when the calcination temperature increases due 

to narrow band gap, incorporation of carbon into 

TiO2 lattice, and sufficient SOVs are formed. This 

Figure 9. Plot of -ln(Ct/Co) versus time (min) for the photodegradation of methylene blue using TiO2 and 

carbon-doped TiO2 samples with different carbon amounts at (a) 250 °C, (b) 300 °C, and (c) 400 °C. 

(c) 

(a) (b) 

Figure 10. Plot of -ln(Ct/Co) versus time (min) for the photodegradation of methylene blue using (a) TiO2 

and carbon-doped TiO2 samples with different calcination temperatures at carbon amounts of (b) 10 wt%, 

(c) 30 wt%, and (d) 50 wt%. 

(a) (b) 

(c) (d) 
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subsequently enhances the overall photocatalytic 

process by providing more reactive sites [32]. 

However, in Figure 10(c), the photodegradation 

conversion for 30wt%C-TiO2 decreases from 

89.53% to 30.74%. In Figure 10(d), the decreasing 

trend is also noticed, which decreasing from 

86.82% to 44.11% for 50wt%C-TiO2 when the 

calcination temperature increases from 250 to 400 

°C. This is because excess carbon deposited on 

TiO2 surface, hence, lowering photodegradation 

efficiencies. 

Based on Figure 11, the colours of MB are 

fading, from dark blue to faint blue, indicating the 

photocatalysts have successfully degraded the MB 

pollutants. This residual colour is a result of the 

2-hour time limit we imposed for our experiments, 

which focused primarily on calculating the 

degradation rate rather than determining the 

total time required for complete degradation. In 

our findings, the most effective sample, 30wt%C-

TiO2 at 250 °C, achieved a degradation conversion 

of 89.53% within the 2-hour timeframe. This 

indicates to a degradation rate of 44.765% per 

hour.  

The adsorption of MB onto the TiO2 catalyst 

surface is a crucial prerequisite for effective 

photodegradation. In acidic conditions, MB 

carries a positive charge, leading to electrostatic 

repulsion with Ti4+, which is not favourable for 

adsorption. Conversely, in alkaline solutions, TiO2 

surface becomes negatively charged, allowing the 

electrostatic attraction and adsorption of the 

cationic dye, MB. As a result, the colour of the 

solution fades even in the dark due to strong 

adsorption rather than MB undergoing direct 

degradation. Additionally, alkaline conditions 

provide an environment conducive to 

photocatalysts that are rich in hydroxyl groups. 

This enhances the formation of oxidative hydroxyl 

radicals (•OH), which are highly effective in 

degrading and decomposing organic molecules. 

Table 5 summarizes the comparisons of 

photocatalytic degradation of MB using carbon-

doped TiO2 under various conditions.  

 

3.5.2  Kinetic study 

First order Langmuir-Hinshelwood (LH) 

kinetic model is followed to determine the MB 

concentration change: 

 

ln 𝐶𝑡 = −𝑘𝑡 + ln𝐶0    (2) 

ln
𝐶0

𝐶𝑡
= 𝑘𝑡     (3) 

 

The experimental data are plotted and 

linearized in Figure 12, where the slope refers to 

degradation rate constant influenced by 

concentration. A steeper slope indicates a higher 

Figure 11. The collection of degraded methylene 

blue samples every 20-min interval under visible-

light irradiation (300 W) for 2 h. 

Figure 12. 1st order linear regression of kinetic data on MB photodegradation under visible light irradiation 

for 2 h with C-TiO2 samples with different carbon amounts of 10wt%, 30wt% and 50wt% at (a) 250 oC, (b) 

300 oC, and (c) 400 oC. 

(a) 

(b) (c) 
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rate constant and better photodegradation 

efficiency. Half-life time was also determined 

based on 0.693/k to figure out the time required 

for MB concentration to decrease to one-half of the 

initial concentration. The shorter half-life time is 

favourable as the catalyst performs to be more 

efficient.  

The experimental results fit well with the 

linearized model with R2 falling between 0.96567 

to 0.9958 in Figure 12 (a) to (c), thus the data are 

reliable and significant to analyse the efficiency of 

C-TiO2 in MB photodegradation. Figure 12 (a) 

displays different carbon loading at calcination 

temperature of 250 oC, and 30wt% C-TiO2 is most 

efficient as it shows the shortest half-life time of 

MB degradation which is t1/2= 60.64 min. 

Additionally, this result is reliable and applicable 

as the R2 reaches 0.99321. Among the three 

different calcination temperatures, the 

photocatalyst with carbon doping under 250 °C 

presents the highest efficiency with shorter half-

life time, owing to its remaining bidentate 

carboxylate ligands (O–Ti–C) to act as the charge-

transfer complex at lower temperature; hence, 

resulting in a better photodegradation 

performance. 

 

3.6  Reaction Mechanisms 

The carbon-doped TiO2 exhibits better 

photocatalytic efficiency compared to bare TiO2, 

which attributing to 2 possible reasons: (1) the 

carbons located at the oxygen lattice of TiO2 to 

create impurity level that the excited electrons 

could rapidly jump from the valance band via 

impurity level to conduction band, thus narrowing 

the band gap to visible absorption region; (2) the 

MB dye adsorbs onto carbons. The deposited 

carbons with COOH group on the TiO2 surface 

could trap and transfer the excited electrons for 

better charge separation and electron 

conductivity, thus heightening the 

photodegradation efficiency. 

In detail (Figure 13), photocatalysis begins 

with the electron excitation by absorbing light on 

CB. Carbon may occupy the cationic sites in the 

lattice of TiO2 to create an impurity level and the 

effective light range is prolonged to visible light 

range. Electrons are irradiated to form e-/h+ pairs 

and migrate to the surface of catalyst and further 

generate reactive oxygen species, which are highly 

active in photodegradation reaction. Oxygen traps 

photo-generated electrons to form O2∙- and •OH 

which may attack and degrade organic molecules 

by oxidation. Carboxylic group (–COOH) and TiO2 

could form bidentate carboxylate ligands O–Ti–C 

to act as the charge-transfer complex, which is 

more powerful than solely hydroxyl group. Apart 

from the formation of principal oxidative hydroxyl 

radicals (•OH) due to hydroxyl group (–OH), 

carbonyl group could trap and transfer electrons 

to facilitate charge separation. The strong 

electron-withdrawing capability of carboxylic 

group contributes to increased electron transfer 

and improved efficiency. Our findings are in 

alignment with the past literatures [36,37]. 

 

4. Conclusions 

The photocatalyst, carbon doped-TiO2 

(xwt%C-TiO2-y, x=loading amount and y=calcined 

temperature), with 10, 30, and 50 wt% of ascorbic 

acid has been successfully synthesized through 

solvothermal treatment and calcination (250, 300, 

and 400 oC). The carbon-doped TiO2 has been 

formed as proven by the diffractogram peaks 

slightly shifted to lower degree with increasing of 

carbon loadings. The carbon materials bonded 

TiO2 lattice act as electron traps or scavengers, 

and moderate amount of surface oxygen vacancies 

are created through carbon doping and 

calcination. The 100% anatase TiO2, which is 

effective in photodegradation has been generated. 

The reduction of band gaps (1.73 and 1.88 eV) and 

surface oxygen vacancies have enhanced the 

electron-hole pair excitation for charge separation 

and interfacial charge transfer. The presence of 

C=C and C=O groups could effectively enhance 

electronic conductivity and attract MB for surface 

adsorption, further heightening in 

photodegradation. In a nutshell, the carbon 

doping onto TiO2 resulted in a better performance 

on the photodegradation under visible-light 

irradiation for 2 h. Among the photocatalysts, 

30wt%-TiO2-250 achieved the optimum 

performance of 89.53% at pH of 10. Nonetheless, 

the future recommendations or challenges 

regarding to scalability and full-scale 

implementation of this research mainly focus on 

three aspects: (1) Light penetration – high 

pollutant concentration in wastewater will hinder 

the light penetration thus limit the 

photodegradation efficiency. Pre-treatment is 

essential to reduce the concentration of pollutants 

Figure 13. The proposed photodegradation 

mechanism on carbon-doped TiO2 with narrower 

band gap, enhanced charge separation, and 

reduced charge transfer resistance. 
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Carbon sources Cationic dyes 

Reaction Conditions 

Degradat

ion (%) 

Degrada

tion rate 

(h-1) 

Rate 

constant 

(×10-3 

min-1) 

No. of 

reuse 

cycles 

Ref. Catalyst 

amount 

(g/L) 

Pollutant 

Concent. 

(mg/L) 

pH 

Light 

power 

(W) 

Reaction 

time (h) 

PDADMAC Methylene 

blue 

0.5 10-5 10 300 2 - - 45.13 4 [5] 

Glucose Rhodamine B 1.0 10 - 175 1 - - 48.4 - [16] 

Poly(ethylene glycol) Rhodamine B 1.0 10 - 175 1 - - 66.6 - [16] 

Poly(vinyl alcohol) Rhodamine B 1.0 10 - 175 1 - - 7.7 - [16] 

Carbon black Methylene 

blue 

0.4 30 - 150 2 - - 32.8 - [38] 

Ethanol Methylene 

blue 

0.5 25 - - 2 - - 12.05 - [14] 

Citric acid/ethylene 

glycol 

Methylene 

blue 

1.0 10 3 - 100 min 60 36 - - [20] 

Citric acid/ethylene 

glycol 

Methylene 

blue 

1.0 10 7 - 80 min 100 75 - - [20] 

Citric acid/ethylene 

glycol 

Methylene 

blue 

1.0 10 10 - 40 min 100 150 - - [20] 

Ascorbic acid Methylene 

blue (cationic) 

0.2 25 10 300 2 89.53 44.77 11.43 - Our 

study 

before applying photodegradation to ensure the 

high efficiency. Some pre-treatment techniques, 

for instances, flocculation, biological treatment, 

and ozone-based oxidation can be employed to 

reduce the pollutant concentration; (2) Reaction 

condition – the complexity in wastewater involves 

pH, temperature and the presence of other 

substances when scaling up the process. Further 

researches can be conducted to optimize the 

reaction conditions with regard to the affecting 

factors; and (3) Economic factor – utilization of 

visible lights in a large scale could result in high 

expenses. Research should be driven towards LED 

lights or solar simulated lights which are more 

energy-saving and economic. 
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