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Nanocrystalline TiO2 powders with the different anatase/rutile ratios and the high surface area have been prepared 
using TiCl4 by the precipitation method. The samples were characterized by X-ray diffraction, N2-sorption, and UV-VIS 
diffuse reflectance spectra techniques. The contents of anatase and rutile phases in TiO2 powders have been 
successfully controlled by simply changing the proportion of SO4

2- and Cl- ions in the aqueous solution. The 
photodegradation of congo red in water has been investigated over the wide range of TiO2 for different anatase/rutile 
ratios in visible region. The catalysts containing 19.7% rutile showed the highest photocatalytic activity in our study.  

INTRODUCTION∗ 

Since the discovery of photoelectrochemical 
splitting of water on TiO2 electrodes,1 titania has 
attracted extensive interests because of its potential 
applications to photocatalyst,2 chemical sensors,3 
solar cell electrodes,4 and hydrogen storage 
materials.5 Titania usually exists in three different 
forms: anatase (tetragonal, a = b = 3.78 Å; c = 9.50 
Å), rutile (tetragonal, a = b = 4.58 Å; c = 2.95 Å), and 
brookite (rhombohedral, a = 5.43 Å; b = 9.16 Å; c = 
5.13 Å). These crystalline structures consist of 
[TiO6]2- octahedra, which share edges and corners in 
different manners while keeping the overall 
stoichiometry as TiO2.4-8 Even though anatase has 
more edges sharing octahedra, the interstitial space 
between octahedra is larger, which makes rutile 
denser than anatase (the density of anatase is 3.84 
g/cm3 and that of rutile is 4.26 g/cm3, respectively).4-8 
Anatase-to-rutile transformation in pure titania 
usually occurs at 600 to 700 ºC.9-11 Phase transition to 
rutile is nonreversible due to the greater 
thermodynamic stability of rutile phase.12, 13 Between 
the two main kinds of crystalline TiO2, anatase has 
been confirmed to have quite high photocatalytic 
activity in the photodegradation of most pollut-
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ants,14,15 while the photocatalytic activity of rutile is 
still indistinct. Most work has shown that rutile is a 
very poor photocatalyst.16 However, it is widely 
accepted that the mixed phase of titania is beneficial 
in reducing the recombination of photogenerated 
electrons and holes, and it always results in an 
enhancement of photocatalytic activity.17, 18  

In our work, sulfate was selected as the adjustor 
in the process of TiO2 preparation. By simply 
varying the proportion of anion in the aqueous 
solution, the controllable crystalline TiO2 with the 
high surface area was successfully synthesized at 
low temperature. To confirm the effect of the 
crystalline phase distribution on the photocatalytic 
activity of prepared TiO2, the photocatalytic 
activity of TiO2 with the different contents of 
anatase and/or rutile was tested for the 
photodegradation of congo red.  

EXPERIMENTAL 

1. Preparation of TiO2 catalysts 

The nanocrystalline TiO2 catalysts reported in this study 
(see, Table 1) have been prepared by TiCl4 hydrolysis. 
Titanium tetrachloride (99.9% TiCl4) was used as the main 
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starting material without any further purification. A desired 
amount of TiCl4 was dissolved in double distilled water in an 
ice-water bath. The concentration of titanium was adjusted to 
0.7 M. This aqueous solution was then mixed with the 
different amount of (NH4)2SO4 (for preparation of anatase, 
mixed phases, and rutile, respectively) in a temperature-
controlled bath. The mixture was continuously stirred at 90 °C 

for 24 h. Subsequently, the precipitated titania was separated 
from the solution by using centrifugation and repeatedly 
washed with double distilled water to make TiO2·nH2O that 
was free of chloride and sulfate ions. The hydrous TiO2 was 
dried at 80 °C under vacuum and ground to fine powder. Then 
the samples were calcined at 400 °C for 3 h. 

 
Table 1 

Synthetic conditions and physicochemical properties of TiO2 catalysts 

As-synthesized Calcined 

Sample SO4
2-/Cl- 

Fraction of  

rutilea  

[%] 

Crystallite 

size of 

anataseb [nm] 

Crystallite 

size of rutileb 

[nm] 

Fraction 

of  

rutilea  

[%] 

Crystallite 

size of 

anataseb [nm] 

Crystallite 

size of rutileb  

[nm] 

Specific 

surface 

area [m2/g] 

(a) 0.000 100.0 - 6.7 100.0 - 12.9 89 

(b) 0.002 94.8 1.0 6.0 91.4 10.4 10.4 101 

(c) 0.004 83.1 4.7 5.6 79.0 9.9 8.7 133 

(d) 0.005 46.6 5.6 5.5 29.7 11.9 7.6 146 

(e) 0.007 33.3 5.1 4.6 19.7 10.7 7.1 113 

(f) 0.008 23.7 5.2 5.7 13.3 10.1 6.6 128 

(g) 0.010 10.4 5.8 2.7 4.0 10.6 9.0 164 

(h) 0.020 0.0 6.2 - 0.0 7.9 - 166 

a Calculated by Eq. (1); b Calculated by Eq. (2). 
 

2. Catalysts characterization 

Powder XRD patterns were collected using the powder 
diffractometer (PANalytical X’pert PRO MRD) with Cu Kα 
radiation (40 kV, 25 mA) at 0.02º step size and 1 second step 
time over the range 20º < 2θ < 80º. The samples were prepared 
as thin layers on metal slides. N2-adsorption isotherms were 
measured at 77 K on a nitrogen adsorption apparatus 
(Quantachrome QUADRASORB SI). The volume of adsorbed 
N2 was normalized to standard temperature and pressure. Prior 
to the experiments, samples were dehydrated at 200 ºC for 2 h. 
The specific surface area was determined from the linear part 
of the BET equation (P/P0 = 0.05-0.30). UV-VIS diffuse 
reflectance spectra were obtained for the dry-pressed disk 
samples using the UV-VIS-NIR spectrophotometer (Varian 
Cary 50G) equipped with an integrating sphere assembly, 
using BaSO4 as the reflectance sample. The congo red (CR) 
concentration was measured by UV-absorption spectroscopy 
using the Shimadzu UV-1601 spectrophotometer. 

3. Photodegradation experiment 

The congo red was used as a simulated contaminant in this 
work. The optical setup used for the photon-irradiation 
experiments consisted of an arc lamp system (Oriel) equipped 
with a 500 W Hg/Xe lamp (located at 30 cm above the 
solution) and a dichroic mirror (420-630 nm) for filtering UV 
radiation. A set of lenses and apertures focused the light onto 
the open top-end of the continuously stirred batch photoreactor. 

The cooling water in a pyrex cylindrical jacket under the lamp 
was used to keep the reaction temperature constant (20 ºC). A 
volume of 200 mL of CR/water solution with a CR 
concentration of 50 mg/L together with 0.1 g of titania was 
transferred to the reactor, corresponding to 0.5 g/L of TiO2. 
The mixture was stirred for 30 min in the dark in order to 
reach the adsorption-desorption equilibrium for CR before 
illumination. Samples of approximate 5 mL of the stirred 
slurry were taken at certain time intervals, keeping the 
titania/solution ratio constant. After recovering the catalyst by 
centrifugation, the light absorption of the clear solution was 
measured at the wavelength of 497 nm (λmax for CR). The 
absorption was converted to the CR concentration referring to 
the standard curve showing a linear behavior between the 
concentration and the absorption at this wavelength. 

RESULTS AND DISCUSSION 

1. Effect of SO4
2-/Cl- ratio on crystalline TiO2 

The XRD patterns in Figs. 1 and 2 illustrate the 
crystalline phases of different samples. In these 
figures, the systems of (a) and (h) are pure rutile 
and anatase, respectively, while other systems 
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consist of both anatase and rutile as listed in Table 
1. The fractions of the rutile phases decrease in 
order of (a) to (h). When the ratio of SO4

2- /Cl- is 
adjusted to more than 0.20 in the preparation 
procedure, only the anatase phase can be observed 
in the TiO2 powder. In the range of 0.0 < SO4

2- /Cl- 
<0.2, the fraction of the rutile phase decreases with 
increasing concentration of SO4

2- in the aqueous 
solution, and a large amount of SO4

2- will only 
result in the presence of the anatase phase. From 

the above results, it suggests that the effect of SO4
2- 

largely results in the formation of crystalline TiO2. 
It has been reported that the presence of SO4

2- 
accelerated the growth of TiO2 clusters to 
anatase.19 The addition of Cl- generally favors the 
formation of rutile crystallites.20 As a result, 
different rutile/anatase mixtures can be prepared by 
changing the proportions of SO4

2- and Cl- in the 
aqueous solution.  
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Fig. 1 – XRD patterns for as-synthesized TiO2 particles. The systems of 
(a) and (h) are pure rutile and pure anatase, respectively, and the fractions 

of rutile for (b) to (g) are listed in Table 1. 

Fig. 2 – XRD patterns for calcined TiO2 particles. The systems of (a) and 
(h) are pure rutile and pure anatase, respectively, and the fractions of 

rutile for (b) to (g) are listed in Table 1. 
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The fraction of rutile in the samples can be 
estimated from the corresponding integrated XRD 
peak intensities using the following equation:21 

 χ = 1/[1+0.8(IA/IR)],   (1) 

where χ is the weight fraction of rutile in the powder, 
and IA and IR are the X-ray intensities of the anatase 
(101) and the rutile (110) peaks, respectively. 

The crystallite size of anatase and rutile in the 
samples are calculated by applying the Debye-
Scherrer formula22 in Eq. (2) on the anatase (101) 
and rutile (110) diffraction peaks: 

 L = Kλ/βcosθ,     (2) 

where L is the crystallite size in angstroms, K is a 
constant as chosen to be 0.89 here, λ is the 
wavelength of the X-ray radiation (Cu Kα = 
0.15406 nm), β is the corrected band broadening 
after the subtraction of equipment broadening, and 
θ is the diffraction angle. The fraction of the rutile 
phases and crystallite size in the samples are 
shown in Table 1. The fraction of rutile in calcined 
samples becomes low in comparison with as-
synthesized samples, indicating the structural 
change from the amorphous to the anatase phase at 
this calcined temperature.23 

2. Analysis of UV-VIS diffuse reflectance spectra 

UV-VIS spectroscopy has been utilized to 
characterize the bulk structure of crystalline TiO2. 

UV-VIS diffuse reflectance spectroscopy is 
employed in this work to probe the band structure, 
or molecular energy levels, since UV-VIS light 
excitation creates photogenerated electrons and 
holes. Over the wide ranges of rutile fractions  
UV-VIS diffuse reflectance spectra are presented 
in Fig. 3. For the system of (a), i.e., a pure rutile, 
the significant increasing of the absorption at 
wavelengths shorter than 413 nm can be assigned 
to the intrinsic band-gap absorption of rutile. The 
band gap (Eg) is estimated to be 3.0 eV from the 
following equation:24 

α(hν) = A(hv-Eg)m/2,     (3) 

where α is the absorption coefficient, hv is the 
photon energy, and m = 1 for the direct transition 
between bands. The significant absorption of 
sample (h) for pure anatase started with 387 nm, 
exhibiting a band-gap value of 3.2 eV. For other 
samples, the blue shift of the absorption can be 
clearly observed in Fig. 3, and it is measured for 
samples (b) to (g), whose band-gap values are 3.01, 
3.02, 3.03, 3.04, 3.05, and 3.12 eV, respectively. 
The order is consistent with decreasing rutile 
contents in the TiO2 powder. The result implies 
that the difference of rutile contents in the TiO2 
powder influence the band-gap value of TiO2. 
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Fig. 3 – UV-VIS diffuse reflectance spectra of calcined TiO2 
particles. The systems (a) to (h) are the same as in Fig. 2. 
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3. Relationship between crystalline phases  
and photocatalytic activity 

 
Photocatalytic studies have been carried 

out by investigating the decomposition reaction of 
CR in the different contents of rutile. The 
photodegradation of CR is the pseudo-zero-order 
reaction. In this case its kinetics can be expressed 
as ln (C0/C) = kt, where k is the apparent reaction 
rate constant, and C0 and C are the initial 
concentration and the reaction concentration of CR, 
respectively. In our experiments, all the solutions 
for photocatalytic reactions are in the neutral 

condition, and the changes of pH are found to be 
relatively small. Figs. 4 and 5 show the CR 
photodegradation for prepared TiO2 particles. The 
photodecomposition rate constants are found to be 
systematic dependencies, which is not linearly but 
has certain maximum conditions, e.g., (a) 0.0266 
min-1, (b) 0.0291 min-1, (c) 0.0447 min-1, (d) 
0.0462 min-1, (e) 0.0476 min-1, (f) 0.0384 min-1, (g) 
0.0296 min-1, and (h) 0.0366 min-1. It is considered 
that the differences in its rate constants are 
attributed to the crystalline phases, the morphology, 
and the surface area of the TiO2 particles.        
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Fig. 5 – Rate constants for the photocatalytic decomposition of congo 
red with different calcined TiO2 catalysts. The systems (a) to (h) are 

the same as in Fig. 2. 

Fig. 4 – Curves for the photocatalytic decomposition of congo red 
with different calcined TiO2 catalysts. The systems (a) to (h) are the 

same as in Fig. 2. 
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If only the surface area is considered, the sample (h) 
(ca. 166 m2/g) has the larger surface area than others, 
suggesting that the sample (h) should have better 
photocatalytic activities. However, the specific 
surface area of the sample (e) (ca. 19.7% rutile) is 
113 m2/g, which is higher than that of the sample (h). 
This result implies that surface area is not the main 
factor for photocatalytic activities. In this regard the 
photocatalytic activity of prepared TiO2 catalysts is 
strongly dependent on the crystalline phase. The 
sample containing 19.7% rutile, i.e., the sample (e), 
shows the highest photocatalytic activity for CR 
photodegradation as observed in our experiments. 
From the above results, the anatase/rutile mixed 
phase shows the synergistic effect with enhancing the 
photocatalytic activity. 

CONCLUSIONS 

Samples with different anatase-to-rutile ratios 
have been synthesized, and the relationship 
between the crystalline phase and their activities 
was investigated. By simply varying the proportion 
of SO4

2- and Cl- in the aqueous solution, the 
different contents of anatase and rutile phases in 
the powders have been successfully controlled. 
The different blue shifts of the UV-VIS absorption 
of the samples are observed because of the 
different contents of the anatase phase in samples. 
The catalyst contaning 19.7% rutile shows the 
highest photocatalytic activity for the photodgrada-
tion of CR due to synergistic effects between 
anatase and rutile. 
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