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In this study, the effect of the synthesis method (solid state, sol-gel and hydrothermal) on the photocatalytic 
activity of the anatase and rutile phases of TiO2 was evaluated. As a result of XRD, FESEM and BET analysis of 
pure phase TiO2 powders in anatase and rutile phases, the changes in particle structures, surface areas and 
morphologies were examined and the differences in both synthesis method and phase structures were 
evaluated with Photodegradation experiments. The results of the X-ray diffraction (XRD) analysis showed that 
the TiO2 compound synthesized in the anatase phase and by the synthesized hydrothermal method exhibited a 
much smaller crystal size than the other synthesis methods and the rutile phase. Surface morphology 
examinations of the samples were made with scanning electron microscopy (FESEM), particle sizes were 
determined in the range of 90-200 nm, and their surface areas were examined by Brunauer–Emmett–Teller 
(BET) analysis.The adsorption-desorption isotherms shown also support the XRD data of the highest surface 
area.The photocatalytic behavior of the compounds was investigated using methylene blue degradation.As a 
result of all the syntheses and characterization studies, it has been shown that TiO2 obtained by hydrothermal 
method exhibits the best photocatalytic activity. 
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Introduction 

In different experimental research in recent years, 
titanium dioxide (TiO2) has become one of the most 
important experimental items, mainly because of its 
outstanding values, including stability, non-toxic, 
recyclability, low cost and unique photochemical and 
photophysical advantages, and mainly in water-hydrogen 
separation, It is used as a widely applied waste treatment 
material. Such as water treatment, biological sensor, solar 
cell etc. [1-5]  

Different sized inorganic materials certain structural 
properties structures, including nanotubes, nanorods, 
flower-like, fan-shaped, microspheres (hollow, solid, or 
porous), etc. attracted great attention due to its 
innovations. [6-9] 

TiO2 exists in crystalline and amorphous form. It also 
has three basic polymeric crystal structures: anatase, 
rutile, and brookite. Anatase and rutile are tetragonal, 
brookite is orthorhombic. 

All contain the octahedral TiO6 structure, but the bond 
bonding is different, indicating the difference in phases; 
For example, the unit cell constants of rutile are a=4.59, 
c=2.96, while the unit cell constants of anatase are a=3.79 
and c=9.51. Rutile structure is formed by the combination 
of 2 to 12 linear chains. The tetragonal structure is formed 
by the combination of oxygen atoms at the corners of 
these linear chains. In the anatase structure, there are no 
oxygen atoms at the corners and all 4 sides are tetragonal 
[10]. Figure 1 shows that each Ti4+ Ion in the crystal is 
surrounded by six O2-. The octahedral structure in rutile 

crystals is not regular and shows slightly orthorhombic 
bending. The octahedral structure in anatase TiO2 is 
greatly disturbed to a symmetry less than orthorhombic in 
shape, the bond length between Ti-Ti in the anatase form 
(3.79 Å and 3.04 Å) is greater than that of the rutile form 
(3.57 Å and 2.96 Å); The bond length between Ti-O (1.934 
Å and 1.980 Å) is shorter than that of the rutile phase 
(1.949 Å and 1.980 Å) [10]. 

This difference in the lattice structure is the most 
important reason why Anatase TiO2 is more active than 
rutile TiO2 in reactions, and this causes different electronic 
band structure and bulk densities between the two forms 
of TiO2.Rutile TiO2 has the highest refractive index among 
these three phases. For this reason, it is generally used in 
paint raw materials and in the cosmetics industry [11] 
Anatase crystal form shows the highest photocatalytic 
activity among other crystal forms [12] For this reason, 
Anatase TiO2 constitutes a large part of the studies. 
However, there are studies that show higher 
photocatalytic performance than pure Anatase, which is a 
mixture of Anatase and Rutile at different rates. TiO2 
nanoparticles, which are commercially used and called 
Degusa P-25, consist of a ratio of 3:1 (Anatase - Rutile).  

Anatase TiO2 is widely used in heterogeneous catalyst, 
photocatalyst, solar cells, gas sensors and wastewater 
treatment systems. Rutile TiO2 has the highest refractive 
index among these three phases. For this reason, it is 
generally used in paint raw materials and in the cosmetics 
industry [13] Anatase crystal form shows the highest 
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photocatalytic activity among other crystal forms [14]. For 
this reason, Anatase TiO2 constitutes a large part of the 
studies. However, there are studies that show higher 
photocatalytic performance than pure Anatase, which is a 
mixture of Anatase and Rutile at different rates. TiO2 
nanoparticles, which are commercially used and called 
Degusa P-25, consist of a ratio of 3:1 (Anatase - Rutile). 
Apart from the effect of different ratios in the crystal 
structure on the photocatalytic activity, the change in the 
size of the TiO2 particles also has serious effects on the 
photocatalytic performance. 

 Particle size is a very important factor affecting the 
performance of photocatalytic materials. The size and 
type of the material directly affects the surface structure, 
resulting in an efficient photocatalytic material. [15-17]. 

In this letter, we report a solid state, sol-gel and 
hydrothermal approach for the synthesis of anatase and 
rutile TiO2. This work will contribute to the fundamental 
research of different synthesis methods and the 
investigation and detailing of the photocatalytic activity 
properties on two different forms of TiO2. 

 

 
Fig.1.Rutile and anatase type of TiO2 

 
Materials and Methods 
 

Synthesis of Rutile and Anatase type TiO2 
Three methods were chosen to synthesize different 

type of TiO2 photocatalyst. Conventional solid state, sol-
gel and new optimized hydrothermal synthesis. 
Dehydrate titanyl sulfate (TiOSO4·2H2O), sodium oxalate 
(Na2C2O4) and Triton -X as surfactant were used for solid 
state method. After grinding at room temperature for a 
total of 60 minutes, the precursor (TiOC2O4) was prepared. 
TiO2 photocatalytic material was obtained because of heat 
treatment at 800°C. The material was sintered at 950oC to 
obtain the rutile form with the same method (fig 2.a). [18-
20] 

A stoichiometric amount of tetra butyl titanate was 
mixed vigorously into 20 mL of ethanol, and the solution 
was stirred continuously until gel formation. The gel was 
dried at 100°C, calcined at 500°C and ground to obtain 
TiO2 particles (fig 2.b). [20-22] 

TiO2 synthesis was carried out with the new and 
optimized hydrothermal method by our team. The 
titanium IV butoxide and ammonia mixture was brought 
to the optimum pH point and mixed for 1 h at 70°C, then 
the stainless steel was autoclaved and heated at 180°C for 
36 h. The resulting precipitate was washed 3 times to 
remove impurities and finally, heat treatment was carried 
out at 500°C for 2 hours(fig 2.c).[23] 

 
Figure 2. Schematic representation of the synthesis TiO2 

materials with different phases and method a) solid state, 
b) sol-gel, c) hydrothermal method 

 
Characterization 
Surface morphologies and particle distributions of TiO2 

materials synthesized by different synthesis methods 
(solid state, sol-gel and hydrothermal method) with 
different crystal phases were evaluated by Field emission 
scanning electron microscopy (FE-SEM, Gemini 550). The 
chemical components of the materials were determined 
by X-ray diffraction (XRD, Cu-Kα radiation, Bruker AXS D8). 
The bonding structures of the material were investigated 
in the Fourier transform infrared spectra (FT-IR) (Perkin–
Elmer-spotlight 400) wavelength range of 4000–500 nm. 
Pore size distribution, pore volume and specific surface 
area were defined by the Brunauer-Emmett-Teller (BET, 
Gemini IV micromeritic) method. 

 
Results 

In this study, it is aimed to make comparisons by 
synthesizing anatase and rutil phases with all synthesis 
methods. 
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Generally, the photocatalytic activity of TiO2 varies 
very significantly with the crystal phase structure, 
crystal size, surface area and pore structure [24]. X-
ray diffraction (XRD) analysis was performed to the 
identification of the crystallographic structure of the 
samples and results can be seen in fig.3 and fig.4. In 
Fig 3(a-c) XRD results of the rutile phases are synthesis 
via different methods patterns are demonstrated. It 
was determined by indexing that the peaks belong to 
the rutile phase (JCPDS card no. 21-1276). 

 

 
Fig.3. X-ray diffraction (XRD) pattern of the rutile TiO2 phases 

synthesis via a) solid state, b) sol-gel, c) hydrothermal 
method 

 

 
Fig.4. X-ray diffraction (XRD) pattern of anatase TiO2 phases 

synthesis via a) solid state, b) sol-gel, c) hydrothermal 
method 

 
The crystal structure properties of the 

compounds are summarized in Table 1, which shows 
an increase in the crystal size because of synthesis 
method. In Fig 4(a-c) XRD results of the anatase 
phases are synthesis via different methods patterns 
are demonstrated. All peaks that were relatively 
sharp compared to other peaks were first indexed as 
anatase TiO2. (JCPDS No. 84-1285). 

In Table 1, the crystallite sizes of all compounds 
synthesized by different methods are given and It is 

estimated from the half-bandwidth of the X-ray 
spectral peak by the Scherrer equation [25], which is 
given with Eq. 1. 

 

𝐷𝐷 =
0,94𝜆𝜆
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽Ɵ

 (1) 

 
If we examine the formula, where λ is the 

wavelength, Ɵ is the x-ray diffraction angle, β is the 
full width of the peaks at half maximum (FWHM) in 
radians. This β value was calculated from the xrd 
pattern with the help of the topas program. While 
the anatase-hydrothermal TiO2 crystallite size is 98 
nm, the rutile-solid state TiO2 is 145 nm (Table 1). It 
is important that we examine table 1 to observe the 
effect of different synthesis methods on the crystal 
size. 

The structure and morphology of the synthesized 
material were scrutinized with FESEM images(rutile) 
in Fig. 5 and fig 6. The FESEM image of the as-
obtained TiO2 indicates a fine spherical shape with 
uniform size in Fig. 5(a-c). It is observed that the 
spherical shape of the TiO2 is consist of micro sphere 
structures.  

FESEM images of the TiO2 (anatase) exhibit that 
the particles had spherical morphology in low (Fig. 6 
a-c) and spherical shape of the TiO2 are consist of 
nano sphere structures.  

 
Table 1. Surface area, average crystallite size, lattice  parameters 

values for rutile and anatase TiO2 synthesized via different 
methods 

Sample  Surface 
area 

Average 
crystallite 

size, D (nm) 

Granule 
size 

Lattice 
parameters 

(A˚) 
(m2/g) (nm) a 

    c 
Rutile TiO2-solid 

state method 
11 145 200-300 4,59               

2.95 

Rutile TiO2-sol-gel 
method 

17 132 180-230 4.58               
2.94 

Rutile TiO2-
Hydrothermal 

method 

28 130 150-200 4.56                
2.93 

Anatase TiO2-solid 
state method 

24 134 100-150 3.79                
9.53 

Anatase TiO2- sol-
gel method 

32 124 80-120 3.78                
9.52 

Anatase TiO2- 
Hydrothermal 

method 

44 98 70-100 3.78                
9.51 

 
It is remarkable that the FESEM measurements 

are harmony with the synthesis methods. That is, the 
particle sizes of the samples synthesized by the solid-
state method are the largest, and the sizes of the 
samples synthesized by hydrothermal are smaller 
than the others and these measurements were taken 
via image pro plus 5 program, and the values are 
shown in Table 1. 
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Fig. 5. FESEM images of the rutile TiO2 phases synthesis via a) 

solid state, b) sol-gel, c) hydrothermal method 
 
The crystal size values obtained from the XRD data, 

and the particle sizes calculated from the FESEM images 
are in harmony and all values are given in Table 1. To 
analyze the porosity of all samples N2 adsorption-
desorption isotherms were evaluated (Fig 7).  

Examining the isotherm for rutile samples shows a 
very small, adsorbed amount of N2 gas, indicating a non-
porous property. Compared with the isotherms for 
anatase show a more adsorbed amount of N2 gas indicates 
the existence of micropores. Average BJH adsorption pore 
volume values and BJH desorption pore size values are 
shown in Table 1. 

 

 
 

 
 

 
Fig. 6. FESEM images of the anatase TiO2 phases synthesis via 

a) solid state, b) sol-gel, c) hydrothermal method 
 
Many different studies have suggested that TiO2 in 

anatase structure generally has superior photocatalyst 
properties. The most important reason for this is that the 
anatase structure has a wider band gap, longer charge 
carrier lifetime, longer diffusion path length and higher 
charge carrier mobility. [26-33] 

Therefore, the high photocataltic performance can be 
attributed to the outstanding structure of rutile or anatase 
type TiO2. 
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Fig. 7. Nitrogen adsorption−desorption isotherm for a)rutile 

and b)anatase TiO2 synthesized via different methods. 
 

 
Figure 8. Schematic representation of the Difference in TiO2 

photocatalytic mechanism between rutile and anatase. 
 
Photocatalytic activity measurements of the prepared 

samples were investigated by photodegradation of 
methylene blue (MB) using a 300 W xenon lamp. For the 
study, 50 mg of photocatalyst was dispersed in 100 mL of 
aqueous solution containing 5 ppm MB and kept in the 
dark for 30 min to stabilize the adsorption/desorption of 
the photocatalysts on the MB surface, and the 
photocatalytic reaction was carried out at 365 nm (15 W, 
under UV light).  

Examining the behavior of the material without any 
catalyst in Figure 9.a-b, it very clearly shows that the 

degradation of MB is extremely slow, which means that 
the reduction reaction is not kinetically favorable. 

 

 

 
Figure.9. Degradation of methylene blue a) anatase and b) 

rutile TiO2 synthesized via different methods 
 
After adding the studied materials, a slight increase in 

the MB decay rate can easily be seen. 
Due to the anatase structure of TiO2, it is the most 

widely used semiconductor photocatalyst for the removal 
of organic pollutants by converting them into small 
molecules. Photocatalytic degradation rates of some 
organic pollutants are quite low. TiO2 has a band gap of 
about 3.0-3.2 eV and can only be excited by light with a 
wavelength below 387 nm. This prevents the use of 
sunlight and visible light and therefore reduces the 
photocatalytic activity of TiO2[34-38]. 

In our study, both the synthesis methods and the 
effects of rutile and anatase structures on the 
photocatalytic mechanism were investigated. Although 
many studies have compared rutile anatase in the 
literature, the synergistic effect of different synthesis 
methods on this mechanism has not been investigated.  

When Table 1 is examined, the crystal size of the rutile 
phase synthesized by the hydrothermal method is small, 
the surface area is large and the particle size is much 
smaller than the other samples synthesized via sol-gel and 
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solid-state methods, this is an expected result because the 
best method used to obtain nano-sized homogeneously 
dispersed particles is the hydrothermal method. A 
different result from our expectation in the table is that 
the particle size of the materials obtained by the sol-gel 
method is larger than that obtained by the solid-state 
method, the possible reason for this may be the particle 
growth due to agglomeration during the synthesis. 

 
Discussion and Conclusion  
 

In this study, rutile and anatase phase TiO2 were 
synthesized by different synthesis methods and the 
photocatalytic activities of all materials were investigated. 
The best result was obtained in the anatase phase 
synthesized by the hydrothermal method, and the lowest 
result was obtained in the rutile phase synthesized by the 
solid-state method. From the study outputs, it can be said 
that anatase material with a high surface area and a low 
crystal size is the best photocatalytic material. 
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