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Titanium dioxide (TiO2) as photocatalyst has gained much attention for environmental treatments 

due to its attractive characteristics. The applications of TiO2 are significantly limited by its low 

visible light absorption, which is due to its large band gap. Doping TiO2 with transition metal is one 

of the promising approaches to improve its photocatalytic efficiency by expanding its ultraviolet 

(UV) absorption to visible region. In this work, chromium (Cr)-doped TiO2 nanoparticles (NPs) 

were prepared using sol–gel method at different calcination temperatures (400, 500, 600, and 

700 °C). The structural properties for all samples were characterised using X-ray diffraction 

(XRD) and Fourier transform infrared (FTIR). XRD results show anatase phase observed in 

samples of pure TiO2 and Cr-doped TiO2 calcined at 400 °C. The rutile phase started to appear 

in sample of Cr-doped TiO2 calcined at 500 °C to form mixed anatase–rutile phase. The minimum 

size of anatase was 17.38 nm at calcination temperatures of 400 and 500 °C, whereas rutile size 

was 22.22 nm at 500 °C. The largest specific surface area (SSA) of anatase was 88.04 m2∙g−1 at 

400 °C and 500 °C, while for rutile was 64.43 m2∙g−1 at 500 °C. FTIR analysis shows the bonding 

changes that occurred with the introduction of Cr into TiO2 nanoparticles. 
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Titanium dioxide (TiO2) is a well-known and well-

researched material due to the stability of its chemical 

structure, biocompatibility, and physical, optical, and 

electrical properties [1]. TiO2 nanoparticles (NPs) 

have received great attention due to their outstanding 

performance in a wide range of applications [2]. In 

addition, among the semiconductors investigated for 

the purpose of pollutant degradation in water, TiO2 is 

the most preferable material for the photocatalytic 

processes due to its high photosensitivity, nontoxic 

nature, large band gap, and stability [3]. TiO2 properties 

are significantly dependent on the crystalline phase, 

i.e., anatase, rutile, or brookite [4]. TiO2 has three 

polymorphs in anatase, rutile, and brookite, but anatase 

and rutile are the two main polymorphs that show 

various photocatalytic performances. Among these 

three crystalline phases of TiO2, anatase is the most 

stable and more efficient in photocatalytic applications 

due to its open structure as compared with rutile phase 

[5]. Mixed-phase photocatalysts with rutile–anatase 

compositions have been reported to exhibit enhanced 

photoactivity relative to single-phase titania [6].  

 

TiO2 is widely used in photocatalytic applications 

because of its cost effectiveness and low impact 

method of removing organic impurities and non-bio-

degradable substances from wastewater. However, the 

wide band gap of TiO2 makes it a less efficient photo-

catalytic material for the degradation of pollutants 

under visible light radiation and rapid recombination 

of photogenerated electron/hole pairs [7]. Furthermore, it 

is important to control the morphology and the crystal 

structure of TiO2 since its photocatalytic activity is 

strongly dependent on the crystal structure, the crystallite 

size, and the specific surface area (SSA) [8][9].  

 

Many approaches have been taken to modify 

TiO2 such as metal coupling, dye sensitiser, and 

transition metal doping [10]. Transition metal doping 

such as chromium (Cr), vanadium (V), iron (Fe), zinc 

(Zn), nickel(Ni), and manganese (Mn) appears to be 

an effective method in enhancing the photocatalytic 

activity of TiO2 due to their ability to enhance the 

photocatalytic activity by delaying the combination of 

photogenerated electrons and holes or enhancing the 
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adsorption activity [11]. Cr is one of the most commonly 

used dopants in TiO2 as it has been shown to improve 

photocurrent density with a shift in optical absorption 

in the visible range because Cr3+ ions have fewer valance 

electrons than Ti4+, and the excess of holes creates an 

acceptor level near the TiO2 valence band [12]. 

Moreover, the doping of Cr3+ ions can decrease the 

crystal size of TiO2 and shift the valence band maximum 

upwards and lead to strong visible-light absorption 

and thus will decrease the recombination rate [13]. 

Furthermore, Cr/TiO2 nanotubes have shown obvious 

absorption in visible region and have higher photo-

catalytic activities for degradation of methyl orange 

under the ultraviolet–visible light irradiation [14]. 

 

Various techniques such as the sol–gel method, 

chemical vapor decomposition method, hydrothermal 

technique, and reversed micelle method have been used 

to synthesise TiO2 NPs [15]. The sol–gel process has 

been widely used in the preparation of the surface and 

interface-controlled materials made from ceramics, glass 

materials, and fibres. Moreover, the sol-gel method 

has been extensively used in the preparation of doped 

TiO2 photocatalysts, resulting in high crystallinity and 

surface area [9]. These advantages make sol–gel one 

of the best techniques used for TiO2 synthesis. However, 

the preparation parameters such as solvent, water 

content, precursor type, pH solution, viscosity, aging 

conditions, drying, and calcination temperature affect 

the properties of the powder synthesised using sol–gel 

[16]. Therefore, the present study reports a simple 

synthesis method for the preparation of TiO2 NPs and 

investigates the effect of different calcination  

temperatures on the structural properties of Cr-doped 

TiO2 NPs prepared by the sol–gel method. The effects 

of Cr-doping on the crystallite size, structure, and 

phase composition of the synthesised samples were 

investigated by XRD. FTIR spectroscopy was used to 

collect information about the molecular geometry, 

functional groups, and inter- or intra-molecular 

interactions in the sample. 

 

EXPERIMENTAL 

 

1. Chemicals and Materials 

 

The following reagents were used as received without 

additional purification: titanium (IV) butoxide (TTIB) 

(Aldrich, 97%), ethanol (C2H5OH), chromium (III) 

nitrate nonahydrate (Cr(NO3)3∙9H2O) (Aldrich, 99%), 

1 M nitric acid (HNO3), and deionised water. 

 

2. Characterisation Method 

 

TiO2 NPs were synthesised via sol–gel technique at 

room temperature (25 °C), and the preparation method 

was adopted from N. R. Mathews et al. [17] with some 

modifications. A mixture of 5 mL deionised water and 

55 mL ethanol was added drop by drop into the 

solution containing 26 mL of titanium (IV) butoxide 

 

and 55 mL ethanol and stirred for 1 h. The solution 

was continuously stirred for another 4 h at room 

temperature (25 ℃) at 200–400 rpm. Acidity of the 

solution was controlled by adding HNO3 dropwise to 

attain pH of 2.0. Then, the solution was stirred for 

another 1 h. For the solution with Cr doping, the 

appropriate amount of Cr(NO3)3 was added into the 

precursor solution to give a concentration of 1.0 wt.% 

of Cr-doped TiO2, and it was then peptized overnight 

to get 2 layers of the solution. Then the solution was 

filtered, leaving behind an amount of titanic gel. The 

titanic gel was dried on a hot plate at 120 °C for 1.5 h 

until the powder was formed. The powder was then 

pulverised using ball milling at 900 rpm for 3 h to 

obtain TiO2 NPs. The powder samples were calcined 

at 400, 500, 600, and 700 °C (heating rate of 5 °C/min) 

for 3 h. 

 

RESULTS AND DISCUSSION 

 

XRD technique (PANalytical X’Pert Pro) using Cu 

Kα radiation was employed to determine the phase 

and crystal structure of TiO2 NPs. The diffractometer 

data were recorded by scanning 2θ from 10 °C. The 

crystallite size was obtained by using the Debye–

Scherrer equation from the XRD analysis [18][19]. 

This equation is a well-known method for calculating 

the crystallite size based on the line broadening for 

the XRD peaks at their full width at half maximum 

(FWHM). The average crystallite size (D) for TiO2 

NPs was calculated by the Debye–Scherrer formula 

given in Equation (1): 

 

𝐷 =
0.9 𝜆

𝛽 𝐶𝑂𝑆 𝜃
                                                     (1) 

 
where D = average crystallite size, λ = X-ray 

wavelength, 0.9 is the Scherrer constant, β=FWHM, 

and θ = corresponding diffraction angle. Thus, using 

that equation, the phase and crystallinity of TiO2 can 

be examined. 

 

FTIR was used to determine the molecular 

structure and chemical bonding in the prepared 

samples [20]. FTIR can be divided into two regions 

which is functional group region and fingerprint region. 

The specific functional group can be determined in the 

wavenumber range at 4000 to 1500 cm−1, while the 

fingerprint region can be examined from 1500 to 500 

cm−1. The transmission of the sample was measured 

because it represents the light absorbed by the  

molecule. The energy from the light causes the bond 

to vibrate, and the bond vibration can be divided into 

several types such as bond stretching, bending, rocking, 

and twisting. The functional group have their respective 

wavenumber [21]. Therefore, the peak present at the 

wavenumber in the functional group region can be 

determined by comparing with the standard wavenumber 

of the functional group. FTIR spectrometer (Perkin 

Elmer Spectrum 400 FTIR/FT-NIR) was used to 
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measure the transmission of the sample with the scan 

range of 4000–450 cm−1.  

 

1. X-Ray Diffraction (XRD) 

 

The XRD patterns for pure TiO2 NPs and Cr-doped 

TiO2 with 1 wt.% of Cr ions calcined at different 

temperatures of 400, 500, 600, and 700 °C were 

compared to the reference from ICSD using POWD-

12++ (1997). Figure 1 shows the XRD pattern of pure 

TiO2 NPs calcined at 500 °C and Cr-doped TiO2 

calcined at different temperatures from 400 to 700 °C. 

The anatase phase is stable at low temperatures (400–

500 °C) without the addition of chromium (undoped 

TiO2), therefore pure TiO2 was calcined at 500 °C 

because the transition of anatase–rutile depends on the 

heating temperature [22][23]. The anatase structure 

appeared for all samples whose crystal planes were 

(101), (200), (211), (204), (220), and (215). First, all 

patterns for Cr-doped TiO2 calcined at 400 °C sample 

exclusively show diffraction peaks that correspond to 

anatase structure (ICSD using POWD-12++, space 

group I41/amd). The structural phase transition was 

observed when rutile started to coexist with anatase as 

the calcination temperature increased. At temperatures 

from 500 to 700 °C, the diffraction pattern showed a 

mixture of crystalline phases of anatase and rutile. As 

the temperature was increased to 500 °C, rutile started 

to appear which was at (210), (211), and (301). The 

dominant peak of rutile at 500 °C was 25.367° (211), 

and the dominant peaks of rutile at 600 and 700 °C 

were 27.440° (110) and 27.508° (110), respectively 

(ICSD using POWD-12++, space group, P42/mnm). 

Our results are similar to a previous work that reported 

all of the patterns of the samples calcined at 400 °C 

show an anatase structure [6][24]. When the temperature 

was increased to 800 °C, the anatase structure changed 

to rutile structure. Cr-doping resulted in the complete 

disappearance of the anatase phases due to higher 

calcination temperature [25]. Therefore, doping Cr 

into TiO2 has a significant effect on the structural 

property of TiO2 and changes its structural phase from 

anatase to mixed anatase–rutile. The calcination 

temperature is also a parameter that influences structural 

property. In sol–gel synthesis, heat treatment plays a 

vital role because it alters the phase composition in 

terms of both microstructural and morphological 

properties of the nanocomposites at different stages 

[26]. These properties can be varied based on the 

synthesis temperature, post-synthesis (annealing) 

treatments, or time durations of such heat treatments 

[27]. Intensity is proportional to temperature; as a result, 

as the annealing temperature is increased, the rutile phase 

appears. The highest intensity was observed at 600 °C 

compared to samples for other different calcination 

temperatures [19]. 

 
 

 
Figure 1. The XRD pattern of pure TiO2 (calcined at 500 °C) and Cr-doped TiO2 calcined at different 

temperatures. 
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The mole ratios of the anatase and rutile 

phases were calculated based on the Spurr and Myers 

equations (2) and (3) [19] using the most intense 

peak of each phase. Next, the SSA was calculated as 

the total area covered by the crystals in unit mass as 

shown in equation (6). The density is denoted by ρ, 

while 𝐷𝑝 denotes the size of the crystals obtained 

from the Debye–Scherrer equation. 

 

𝑊𝑅 =  
1

1+0.8 (
𝐼𝐴
𝐼𝑅

)
                 (2) 

 
𝑊𝐴  = 1 − 𝑊𝑅                        (3) 

 

𝐴𝑛𝑎𝑡𝑎𝑠𝑒 % =  
100 × 𝐼𝐴

𝐼𝐴 +1.265 ×𝐼𝑅
             (4) 

 

100 − 𝐴% = 𝑅𝑢𝑡𝑖𝑙𝑒 %                   (5)  

 

𝑆𝑆𝐴 =
6×103

𝜌𝐷𝑝
                            (6) 

 

𝜌 =
1

𝐷𝑝
2                                              (7) 

 

WR and IR represent the mole fraction and 

intensity of the rutile phase, respectively, while WA 

and IA are the mole fraction and intensity of the 

anatase phase, respectively. The phase contents of 

anatase (101) and rutile (110) were obtained using 

equations (4) and (5). IA and IR represent the 

intensity of the anatase (101) and rutile (110) 

phases, respectively. Tables 1,2 and 3 represent full 

width at half maximum (FWHM) and crystallite 

size of anatase peak and rutile peak, phase content. 

 

 

Table 1. FWHM and crystallite size of anatase and rutile peak. 

 

 

Temperature (°C) 

Anatase Rutile 

FWHM 

(degree) 

Crystallite size 

(nm) 

FWHM (degree) Crystallite size 

(nm) 

400 0.4684 17.38 0 0 

500 0.4684 17.38 0.4015 22.22 

600 0.1224 66.55 0.2856 28.65 

700 0.2175 37.45 0.1840 44.46 

 

 

 

Table 2. Phase content of anatase and rutile. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Crystallite size and SSA of anatase and rutile peak. 

 

 

Temperature (°C) 

Anatase Rutile 

Crystalline 

Size (nm) 

SSA (m²g-1) Crystalline Size 

(nm) 

SSA (m²g-1) 

400 17.38 88.04 0 0 

500 17.38 88.04 22.22 64.44 

600 66.55 22.15 28.65 49.27 

700 37.45                  40.87 44.46 31.53 

 

Temperature (°C) Ratio Anatase Ratio Rutile 

Pure TiO₂ 100 0 

400 100 0 

500 82 18 

600 90 10 

700 55 45 
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The obtained XRD pattern in Fig. 1 was used 

to calculate the weight fraction of anatase and rutile 

using Spurr equation. The percentage ratios for pure 

TiO2 and Cr-doped TiO2 calcined at 400, 500, 600, and 

700 °C were 1:0, 1:0, 8:2, 9:1, and 6:4, respectively. 

Figure 2 shows the phase content of pure TiO2 and Cr-

doped TiO2 NPs calcined at different temperatures. Both 

phases are reciprocal. Therefore, it was concluded that 

anatase content decreases with an increase in annealing 

temperature while rutile content increases [21]. 

 

The crystallite size of the calcined powders 

varied depending on the calcination temperature, which 

ranged from 400 to 700 °C. From the XRD result, the 

crystallite size of anatase at 400 and 500 °C were stable 

because the sizes remain unchanged. The maximum 

anatase size was 66.55 nm from the sample calcined at 

600 °C. When the temperature was higher than 600 °C, 

the size of anatase decreased while rutile size increased. 

The crystallite size of rutile increased significantly as 

the temperature increased, and the maximum rutile size 

was 44.46 nm for the calcination temperature of 700 °C 

as shown in Fig. 3. Smaller crystallite sizes lead to 

better photocatalytic performance due to an enhanced 

e−/h+ recombination rate via decreasing the distance for 

charge carriers to reach the surface without recombination 

[16]. Moreover, for small sized photocatalysts, the path 

of the charge to migrate to photocatalyst surface decreases, 

resulting in a decrease of the recombination rate of the 

charge carriers. Since oxidation/reduction reactions 

have to take place at the surface, increasing the specific 

surface area increases the number of possible reaction 

sites and decreases the distance separated charges must 

travel to reach the nearest surface [28]. 

 

 

 

 
 

Figure 2. Phase content of pure TiO2 and Cr-doped TiO2 NPs calcined at different temperatures. 

 

 

 

 
 

Figure 3. Crystallite size of Cr-doped TiO2 NPs calcined at different temperatures for 

(a) anatase, (b) rutile. 

 

 

 

(a) (b) 
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Figure 4. The FWHM and crystallite size of Cr-doped TiO2 NPs annealed at different temperatures for (a) 

anatase, (b) rutile. 

 

 

The crystallite sizes for all samples were 

calculated based on the FWHM value from XRD 

data using Scherrer equation. The size is inversely 

proportional to FWHM. When the size increases, 

the FWHM decreases as shown in Fig. 4. Furthermore, 

the densities (Eq. 6) of anatase and rutile for pure 

TiO2 were 3.92 and 4.23 g/cm3, respectively. At 

400 °C, densities of anatase and rutile were 3.92 

and 4.25 g/cm3, respectively, whereas at 500 °C, 

anatase had a density of 3.92 g/cm3 and rutile had 

a density of 4.19 g/cm3. Next, at 600 °C, the 

densities of anatase and rutile were 4.07 and 4.25 

g/cm3, respectively, while at 700 °C, the densities 

of anatase and rutile were 4.28 and 3.92 g/cm3, 

respectively. Next, SSA (Eq. 5) was calculated as 

the total area covered by the crystals in unit mass. 

In the anatase phase, the SSA value of Cr-doped 

TiO2 NPs decreased from 88.04263 to 40.87017 

m²∙g−1 after calcination at temperatures ranging 

from 400 to 700 °C. SSA values for rutile phase at 

500, 600, and 700 °C were 64.43863, 49.27333, 

and 31.52896 m²∙g−1, respectively. At 500 °C, the 

rutile phase was observed stable. SSA was calculated 

by considering the total area covered by the crystals 

in unit mass. As the calcination temperature increases, 

SSA decreases, thus lowering photocatalytic activity. 

In reverse, when SSA increases, the photocatalytic 

activity increases [18]. Figure 5 shows the crystallite 

size and SSA of Cr-doped TiO2 NPs calcined at 

different temperatures for anatase and rutile phases. 

 

 

 

(a) (b) 
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Figure 5: The crystallite size and SSA of Cr-doped TiO2 NPs annealed at different temperatures for (a) anatase, 

(b) rutile. 

 

 

 

2. Fourier Transform Infrared (FTIR) 

 

To identify the vibrational bands, the peaks in the 

region of 500–4000 cm−1 were recorded and displayed 

in Fig. 6. Figure 6 shows the absorption spectra of 

undoped TiO2 and Cr-doped TiO2 NPs calcined at 400, 

500, 600, and 700oC. The peaks in the region of 4000–

500 cm−1 are characteristic of IR-active fundamental 

and combination lattice modes of crystalline Cr and Ti 

oxides [21]. The peak intensity and band position of 

the spectra depend on the crystal structure, chemical 

composition, and morphology of the sample [29]. The 

peak positions in an infrared spectrum are used to 

distinguish different functional groups from each other. 

Different functional groups can have peaks at about 

the same position. Generally, metal-oxide (M-O) shows 

peaks in fingerprint region [9]. The FTIR spectrum for 

the OH stretching region is observed in the range 

3352–3820 cm−1 [20][30] which corresponds to the 

bending and stretching modes of the –OH groups of 

absorbed molecular water, indicating that the sample 

is hydrolysed [31]. In the spectra, a very sharp absorption 

peak at 698 cm−1 for Cr-doped TiO2 NPs calcined 

at 500 °C is due to the Ti–O–Ti bond of anatase 

titanium [32]. Wide band in the range of 450–700 cm−1 

combines stretching modes of Ti–O–Ti bonds which 

are typical for titanium oxides (Kumar et al., 2000). 

The band around 548–698 cm−1 is attributed to Ti–O 

stretching vibration. The 698.0 cm−1 peak shifted to 

the higher wavelength by adding transition metal [33]. 

As the calcination temperature increased, this peak 

shifted to a lower frequency region, indicating the 

disruption of the Ti–O–O bond and the creation of Ti–

O bond [1]. The peak around 1000 cm−1 for the 

samples calcined at 600 and 700 °C can be also 

attributed to the lattice vibrations of rutile [30]. This is 

in agreement with the XRD data analysis discussed 

previously. 

 

 

Table 4. Chemical bonding of each wavenumber. 

 

Wavenumbers (cm-1) Bonding References 

3820.0 OH [20][31] 

3453.5 OH [30] 

698.0 Ti-O-Ti [32] 

622.1 Ti-O-Ti [33] 

680.6 Ti-O [1] 
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Figure 6. FTIR spectra of pure TiO2 and Cr-doped TiO2 NPs obtained from various calcination temperatures. 

 

 

CONCLUSION 

 

The calcination temperature was found to have a 

transformative effect on the structural properties of 

Cr-doped TiO2 nanoparticles. The metastable anatase 

phase transformed to mixed anatase–rutile phase at 

around 500 °C. XRD results found that the particle 

sizes increased with an increase in calcination 

temperature. Therefore, calcination temperature  

improves the nanoparticles crystallinity, causes phase 

transformation, and affects photocatalytic activity. 

FTIR study shows the bands related Ti–O–Ti vibrations 

shifted to higher wavelength with Cr doping. More-

over, a significant peak was observed related to the 

stretching vibration mode of the -OH group of 

surface-absorbed water. Our study suggests that 500 

°C is the optimum calcination temperature for the 

synthesis of Cr-doped TiO2 NP via sol-gel method.  
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