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Abstract. Mesoporous pure TiO2 (M-TiO2) and mesoporous-vanadium-doped TiO2 
(M-V-doped TiO2) were successfully synthesized via a facile and simple reflux 
technique. The purpose of this research was to study the effect of vanadium dopant 
on the physicochemical properties of all materials obtained. Characterization of the 
prepared materials was carried out using X-ray diffraction (XRD), scanning electron 
microscopy-energy dispersive X-ray spectroscopy (SEM-EDS) and N2-adsorption-
desorption analysis. The presence of Ti and O elements in M-TiO2 and of Ti, V and 
O elements in M-V doped TiO2 could be detected by SEM-EDS, while the patterns 
of X-ray diffraction of all the prepared samples had a well-crystalline surface of 
anatase type. All mesoporous vanadium-doped TiO2 (M-V-doped TiO2) materials 
performed in a highly transparent mode in the visible region at 554 nm (Eg = 2.24 
eV) and 588 nm (Eg = 2.12 eV) for 3.3 and 4.9 wt% V doped TiO2, respectively. The 
Rietveld refinement method was applied to extract the structural parameters of the 
M-TiO2 and M-V-doped TiO2 using the Fullprof program in the WinPlotr package. 
The prepared materials were refined in the crystal system and space group of anatase 
(tetragonal, I41/amd (141)). The vanadium ion was successfully doped into TiO2. 
The isotherm type of M-TiO2 and 2.3 wt% V doped TiO2 were of type IV, with a 
profile of type H2 hysteresis loops, while the 3.3 and 4.9 wt% vanadium-doped TiO2 

reflected isotherm type III. The Brunauer-Emmett-Teller (BET) results showed a 
significant reduction in surface area due to increased concentrations of vanadium. 
The highest values of BET-specific surface area, pore volume and average pore size 
of M-TiO2 were 46 m2/g, 18.45 nm and 0.2572 cm3/g respectively.  

Keywords: anatase; hysteresis; mesoporous materials; reflux technique; Rietveld analysis. 

1 Introduction 

Titanium dioxide or titania (TiO2) is an n-type semiconductor that has a wide band-
gap with specific chemical properties and stability. TiO2 has attracted a great deal 
of interest over the past decades due to its special physiochemical properties. A 
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number of potential applications of TiO2 in both fundamental research and practical 
development work, have been developed, including in photocatalysis [1,2], 
photovoltaic cells [3,4], photoinduced super-hydrophilicity [5,6] and anti-bacterial 
applications [7,8].  

The properties of TiO2 depend on the phase, surface area, dopant, degree of 
crystallization, particle size, pore size and morphology. For TiO2 photocatalysis 
and photoinduced super-hydrophilicity, efforts have been made in two aspects: the 
first is to narrow the wide band gap semiconductor of TiO2 to extend the spectral 
response to the visible region or ultra violet radiation, among others by doping with 
nonmetallic dopants such as N [9], C [10] and S [11]. The other is to minimize the 
recombination rate of the photogenerated electron-hole pairs by doping with 
transition metals such as Ag [12,13], V [14] and Cr [15] into TiO2 to develop 
visible-photocatalysts. Among transition metal ions, vanadium ion is attractive as 
dopant because it will generate an intermediate band so that absorption will happen 
in the visible region. Various methods have been selected to prepare V doped 
doped TiO2 photocatalysts, such as a hydrothermal method [16], electro spinning 
technique [17], wet chemical method [14,18], sol-gel method [19,20], flame spray 
pyrolysis technique [21], and anodic oxidation [22]. 

In this study, pure and 2.3, 3.3, 4.9 wt% V doped mesoporous-TiO2 were prepared 
by reflux technique at 150 °C for 6 hours. Mesoporous material can be synthesized 
by using templates, for example surfactant, lipid, polymer etc. and free-templates. 
This research synthesized pure and V-doped TiO2 mesoporous materials without 
using a template. In previous studies, mesoporous materials were produced with 
free templates at low temperatures, for example by hydrothermal and solvothermal 
methods 23,24. At low temperatures, the polycondensation process takes place 
very slowly, especially propagation, which consists of olation and oxolation that 
allow to control the formation of pores, the crystal structure and morphology 25. 
The morphology and the influence of V doped-TiO2 were investigated using 
scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 
(EDS), respectively. The purpose of the research was to observe the role of the V 
dopants with respect to their physicochemical properties. 

2 Experiment 

2.1 Materials 

Ammonium hydroxide (NH4OH, 28-30% NH3 basis) solution, hydrogen peroxide 
solution (H2O2, 10 wt. % in H2O), ammonium metavanadate (NH4VO3, 99%), 
titanium (IV) chloride (TiCl4, 99%) manufactured by Sigma-Aldrich were 
purchased. All the reagents were used without purification. Ti(O2)O.2H2O was 
obtained from the reaction of TiCl4 and H2O2 [26]. In a typical procedure, 50 ml of 
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TiCl4 was added into a 500 ml glass flask loaded in an ice water bath and then 25 
ml of H2O2 was added slowly into the reaction vessel under magnetic stirring.  

2.2 Preparation of M-TiO2 and M-V doped TiO2 

A series of vanadium doped TiO2 at various weight percentages of V doped TiO2 
was prepared by reflux technique. Mesoporous-TiO2 (M-TiO2) and mesoporous-
vanadium-doped TiO2 (M-V doped TiO2) were prepared. In a typical synthesis, 
10 g Ti(O2)O.2H2O was dissolved in 50 ml of distilled water under vigorous 
stirring. The solution was stirred for 4 hours to obtain a colloidal A. To determine 
the effect of the NH4VO3 concentration, 0, 3, 6 and 9 wt% V doped TiO2 
respectively were adopted in a separated beaker. The samples were thoroughly 
dissolved in 20 mL of distilled water under vigorous stirring to obtain solution B1, 
B2, B3, and B4 respectively. Each B1, B2, B3 and B4 colloid was then slowly 
added to each colloid A. The four types of final solution mixtures were sealed and 
further stirred for 2 h, after which NH4OH was added dropwise until the pH value 
reached about 8-10. Finally, the solution mixtures were heated with a magnetic 
stirrer in reflux equipment at 150°C for 6 hours. The obtained precipitate was 
filtered, washed with distilled water and dried at 70°C for 3 hours. Finally, the 
precipitate materials were calcined at 600°C for 2 hours. 

2.3 Characterization  

The morphologies were characterized using a Phenom ProX Desktop scanning 
electron microscope (SEM). The influence of the vanadium load on the structural 
characteristics of the vanadium-doped TiO2 and the presence of Ti, V and O 
elements in the prepared materials were analyzed using energy dispersive X-ray 
spectroscopy (EDS).  

All samples were suspensed in ethanol solution. The colloidal samples were 
evaluated using a Shimadzu 2450 UV-vis diode array spectrophotometer.  

The prepared materials were examined using powder X-ray diffraction (XRD). The 
XRD patterns were obtained on a Rigaku Miniflex 600-Benchtop XRD instrument, 
operated in the Bragg configuration using Cu Kα radiation (λ = 1.5406 Å). The 
XRD instrument was run at 40 kV and 15 mA. The XRD data were collected in 
steps of 0.02 with a count time of 15 s/step. The intensities were determined in the 
2Θ interval ranging from 20° to 90°. To refine the crystal structures from the 
powder diffraction data, the Rietveld analysis was carried out using the Fullprof 
program by Roisnel and Rodriguez Carbajal in the WinPlotr package [27]. The 
following parameters were refined: unit cell, scale factor, and full width at half-
maximum (FWHM).  

The conventional analysis of N2 adsorption-desorption isotherms was carried out at 
77 K with a Micromeritics ASAP 2020 instrument based on adsorption-desorption 
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data  (55 points). The samples were degassed at 150 °C under vacuum for 4 h prior 
to analysis with a vacuum set point of 10 mHg. The Brunauer-Emmett-Teller 
(BET) specific surface area (SBET) data were collected based on adsorption data (10 
point) in the multi-point BET measurement from (P/P0) of ~ 0.06 to ~ 0.30 [28]. 
The pore volume and average pore size were evaluated from the adsorption-
desorption isotherms by the procedure developed by Barrett, Joyner and Halenda 
(BJH) [29]. The BET and BJH calculations were done with the ASAP 2020 V4.01 
software from Micromeritics. 

3 Results and Discussions  

3.1 SEM images and EDS analysis   

Typical SEM images and EDS analysis of M-TiO2 and M-V doped doped TiO2 
nanocrystalline are shown in Figure 1. Figures 1(a)-1(d) show that the particles 
were highly agglomerated.  

 

Figure 1 SEM images, EDS analysis and weight percentage (%) of Ti, O and V in 
M-TiO2 (a), 2.3 wt% V doped TiO2 (b), 3.3 wt% V doped TiO2 (c), and 4.9 wt% V 
doped TiO2(d). 
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The EDS analysis identified the presence of Ti and O elements in the M-TiO2 and 
the presence of Ti, V and O elements in the M-V doped TiO2. As shown in Figure 
1, the increasing concentration of NH4VO3 also increased the quantity of V in the 
M-V doped TiO2. The crystal of V2O5 was found in the 4.9 wt% V doped TiO2, 
which was confirmed by the XRD pattern (Figure 2(d)). Table 1 shows that the 
addition of 3, 6 and 9 wt% V doped TiO2 produced only 2.3, 3.3 and 4.9 wt% V 
doped TiO2 respectively. 

Table 1 Weight percentage of Ti, O and V of M-TiO2 and M-V Doped TiO2. 

Samples 
Weight Percentage (wt%) 

Mole ratio = Ti:V 
Ti V O 

Pure TiO2 51.7 0 48.3 1.079 : 0.000 
2.3 wt% V doped TiO2 44.5 2.3 53.2 0.958 : 0.040 
3.3 wt% V doped TiO2 36.0 3.3 60.7 0.922 : 0.074 
4.9 wt% V doped TiO2 29.9 4.9 65.3 0.868 : 0.126 

3.2 Optical Properties 

In order to investigate the optical properties of the M-TiO2 and M-V doped TiO2 
samples at 2.3, 3.3 and 4.9 wt% V doped TiO2, the absorbance was measured as a 
function of wavelength in the range of 200-800 nm. The UV-visible spectra for the 
M-V doped TiO2 samples at 2.3, 3.3 and 4.9 wt% V doped TiO2 are shown in 
Figure 2. For comparison purposes, the spectrum of undoped TiO2 (M-TiO2) is also 
displayed. All mesoporous V-doped TiO2 (M-V doped TiO2) powders performed in 
a highly transparent mode in the visible region at 554 nm (Eg = 2.24 eV) and 588 
nm (Eg = 2.12 eV) for the 3.3 and 4.9 wt% V doped TiO2, respectively. 

 
Figure 2 UV-Vis spectra of undoped TiO2 and M-V doped TiO2 at 2.3, 3.3 and 4.9 
wt% V doped TiO2 suspensed in ethanol solution. 
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3.3 XRD Analysis  

The wide-angle XRD patterns of the M-TiO2 and the M-V doped TiO2 are 
presented in Figure 3. The peak positions at 2: 25.36, 37.04, 37.88, 38.61, 48.11, 
53.96, 55.10, 62.11, 62.69, 68.75, 70.26, 75.01, 75.96, and 82.65° are in accordance 
with the TiO2 anatase phase. The main diffraction peaks can be indexed as the 
(101), (103), (004), (112), (200), (105), (211), (213), (204), (116), (220), (215), 
(301), and (224) reflections of anatase crystalline phase matching as shown in 
JCPDS card No. 21-1272. The reflections of TiO2(B) phase can be observed in the 
prepared M-TiO2. The presence of TiO2(B) phase is characterized by the presence 
of diffraction peaks at 2 = 30.7° [30].  

 
Figure 3 Rietveld refinement patterns of M-TiO2 (a), 2.3 wt% V doped TiO2 (b), 
3.3 wt% V doped TiO2 (c), and 4.9 wt% V doped TiO2 (d). 

The characteristic peaks from V2O5 were found in the XRD patterns of the 4.9 wt% 
V doped TiO2. Rietveld refinement was carried out using the Fullprof program on 
the M-TiO2 and the M-V doped TiO2 samples. All the prepared materials consisted 
of anatase phase (major) and the Rietveld refinements are shown in Figure 2(a), 
2(b), 2(c) and 2(d) respectively. The theoretical data are represented by the solid 
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line and the experimental points are expressed as dots (.). The difference between 
the experimental and the theoretical data is represented by the line at the bottom. 
The vertical lines (blue lines) represent the Bragg’s allowed peaks. The results of 
the crystal system, cell parameters (a, b, c) and atomic position (x, y, z) are 
presented in Table 2. 

Table 2 Crystal system, cell parameters (a, b, c), volume and atomic position 
(x,y,z) of M-TiO2 and M-V doped TiO2. 

Prepared 
material 

TiO2 
phase 

Unit cell 
Vol. 
(Å3) 

Atom x y z Rp Rwp χ2 a = b 
(Å) 

c 
(Å) 

Pure TiO2 
Anatase 
(tetragonal, 
I41/amd) 

3.7951 9.5316 137,28 
Ti+4 0.00 0.00 0.50 

7.44 10.5 0.188 
O-2 0.00 -0.50 0.5453 

2.3 wt% V 
doped 
TiO2 

Anatase 
(tetragonal, 
I41/amd) 

3.7959 9.5384 137.44 
Ti+4 0.00 0.00 0.50 

7.26 10.9 0.208 
O-2 0.00 -0.50 0.5437 

3.3 wt% V 
doped 
TiO2 

Anatase 
(tetragonal, 
I41/amd) 

3.7949 9.5361 137.33 
Ti+4 0.00 0.00 0.50 

11.1 14.7 0.390 
O-2 0.00 -0.50 0.5424 

4.9 wt% V 
doped 
TiO2 

Anatase 
(tetragonal, 
I41/amd) 

3.7947 9.5368 137.33 
Ti+4 0.00 0.00 0.50 

12.7 15.9 0.508 
O-2 0.00 -0.50 0,5419 

 

Figure 4 The influence of V doped TiO2 on tetragonal lattice parameters (cell 
volume). 

Figure 4 shows the influence of V doped TiO2 on cell volume. In this case, the 
ionic radius of V5+ (0.054 nm) is compatible with that of Ti4+ (0.0605 nm) [31]. 
When the Ti4+ ion is replaced by the V5+ ion, the cell volume should become 
smaller, but in fact the cell volume becomes larger. This is because the insertion of 
oxygen (O2-) to balance the cationic charge. Furthermore, the role of the ionic 
radius of V5+ (0.54 Å) is obvious on increasing the V-doped TiO2 resulted in a 
decreased cell volume. 
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3.4  N2 Adsorption/Desorption Measurement 

The N2 adsorption-desorption isotherms of representative prepared samples are 
displayed in Figure 5. According to the IUPAC classification, for pure TiO2 (M-
TiO2) and 2.3 wt% vanadium-doped TiO2 (Fig. 5a and 5b), the isotherms are of 
type IV, with a profile of type H2 hysteresis loops, while the 3.3 and 4.9 wt% 
vanadium doped TiO2 both reflect isotherm type III. The isotherm type IV 
represents a capillary condensation phenomenon. The isotherm type is 
characteristic of a material that contains mesoporosity and high energy adsorption. 
Based on the type H2 hysteresis loop profile, the prepared materials have pores 
with narrow, wide sections and possible interconnecting channels. The isotherm 
type III explains the multilayer formation. This is characteristic of a material, that 
is not porous, or possibly macroporous, and has low energy adsorption [32,33].  

Table 3 Surface Area, volume and pore size distribution of M-TiO2 and M-V 
doped TiO2 from nitrogen adsorption-desorption isotherm measurements. 

Samples 
Surface Area 
BET (SBET) 

(m²/g) 

t-Plot Method Pore 
Volume 
at P/Po  

0.99 
(cm3/g) 

Pore Size 
(nm) 

BJHads 
External 
Surface 

Area (m²/g)

Micropore 
Volume 
(cm³/g) 

Micropore 
Area 
(m²/g) 

Pure TiO2 46 46 - - 0.2565  18.45 

2.3 wt% V 
doped TiO2 

40 39 0.00044 1 0.1738 15.46 

3.3 wt% V 
doped TiO2 

23 22 0.00063 1 0.1729 28.72 

4.9 wt% V  
doped TiO2 

17 10 0.00365 7 0.1289 41.20 

The surface area, volume and pore size distribution of the prepared samples  are 
summarized in Table 3. From the table, it can be seen that the concentration of V in 
the M-V doped TiO2 increased while the BET surface area and mean pore size 
decreased with smallest surface area 17 m2/g, which corresponds to a mean porous 
size of 41.20 nm in the 4.9 wt% V doped TiO2. The BET surface area of the M-
TiO2 exhibited a maximum surface area of 46 m2/g, corresponding to a mean 
porous size of 18.45 nm calculated by the BJHads. method. 

The pore size distribution curve was calculated from the adsorption-desorption 
isotherms by the procedure developed by Barrett, Joyner and Halenda (BJH). 
Figure 3(b)-3(d) (inset) depicts the pore size distribution of the M-TiO2 and the M-
V doped TiO2 calculated by the BJHads method. The BJH adsorption-desorption 
analyses show that the prepared materials exhibited mesoporous material. The 
results of the BJH-adsorption analysis showed that the M-TiO2 had a pore size of 
18.45 nm, while the 2.3, 3.3, 4.9 wt% V doped TiO2 had pore sizes of 15.46, 28.72, 
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41.20 nm, respectively. The pore sizes of the M-TiO2 and the M-V doped TiO2 are 
presented in Table 3. 

 
Figure 5 Nitrogen adsorption-desorption isotherms of M-TiO2 (a), 2.3 wt% V 
doped TiO2 (b), 3.3 wt% V doped TiO2 (c), and 4.9 wt% V doped TiO2 (d) (Inset: 
pore size distribution of the prepared samples from the adsorption isotherm 
measurements). 

4 Conclusions 

Mesoporous-TiO2 (M-TiO2) and mesoporous vanadium-doped TiO2 (M-V doped 
doped TiO2) at 2.3, 3.3 and 4.9 wt% vanadium-doped TiO2, were successfully 
synthesized via reflux technique. All mesoporous vanadium-doped TiO2 (M-V 
doped TiO2) powders performed in a highly transparent mode in the visible region 
at 554 nm (Eg = 2.24 eV) and 588 nm Eg = 2.12 eV) for the 3.3 and 4.9 wt% V 
doped TiO2, respectively. All the prepared mesoporous materials were in anatase 
phase (tetragonal, I41/amd). The isotherm type of the pure TiO2 (M-TiO2) and the 
2.3 wt% vanadium-doped TiO2 were of type IV with a profile of type H2 hysteresis 
loops, while the 3.3 and 4.9 wt% vanadium-doped TiO2 reflected isotherm type III. 
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The smallest pore size of 18.45 nm was obtained for pure TiO2 (M-TiO2), while the 
largest pore size of 41.20 nm was obtained for 4.9 wt% vanadium-doped TiO2 (M-
V doped TiO2). 
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