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The structure and properties of V doped TiO2 nanometric powders, 
synthesized using sol-gel method were studied. The precursors employed 
were Ti(OC2H5)4 as TiO2 source and VO(Acac)2 as V2O5 source. The 
molar ratios of TiO2:V2O5 were 98:2 and 99.95:0.05, respectively. The 
obtained gels were thermally treated for 1 h at 300°C with a heating rate of 
1°C/min in order to eliminate the water and organic residues and to obtain 
crystallized nanometric powders. The characterization of the powders was 
realized by thermogravimetric and differential thermal analysis 
(TGA/DTA), X-ray diffraction (XRD), scanning electron microscopy 
(SEM), infrared spectroscopy (FT-IR), specific surface area and porosity 
measurements. The obtained powders were also tested as catalyst for water 
splitting and oxidation of methanol. The correlation between composition, 
structure and catalytic properties of the samples was established. 
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INTRODUCTION* 

TiO2 has applications in various fields such as 
photocatalysis,1,2 gas sensors, dye sensitized solar 
cells,3-5 optical coatings, antimicrobial materials,6 
pigments, so on. As photocatalytic nanoparticles, 
titanium dioxide (TiO2) is one of the most used 
materials due to its electrical and optical 
properties, low cost, chemical stability, and high 
photocatalytic activity. To enhance the photocatalytic 
performance of titanium dioxide, it has been doped 
with various metals, nonmetals and even co-
                                                 
 

doped.7 Among metals, different transition metal 
ions: Pt4+, Mo5+, Mo+6, V5+, V4+, Fe3+, Ru3+, Co3+, 
Ag+, Al3+,8-12 rare earth elements: La3+, Ce3+, Er3+, 
Pr3+, Gd3+, Nd3+, Sm3+ 13, 14 or alkaline earth metals 
were used as dopants.15, 16 Moreover, various 
researchers have co-doped titanium dioxide with 
metal-metal systems,17-19 metal-nonmetal 
systems20-22 or nonmetal-nonmetal systems.23 The 
amount of dopant varies from 0.002 to 10 wt%.  

Different methods are available for preparation 
of TiO2 or doped TiO2 materials. Among these 
methods, sol-gel technique is an efficient and 
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versatile method for pure or doped TiO2 films24,25 
or powder preparation.26-28 

Based on the published data, it was concluded 
that the presence of dopants in titania lattice 
improves its photocatalytic activity. Most studies 
show that metal dopants should be used in small 
amounts, but the low content of metal doping leads 
to only small shift in the absorption edge of TiO2 
towards visible region. On the other hand, the use 
of high concentrations has adverse effects on 
photocatalytic properties of doped titania.29  

Among metals, vanadium action has been 
extensively studied and most studies have reported 
that addition of vanadium ions can enhance the 
photoactivity of TiO2 under illumination of visible 
light.30-32 However, it has been also reported that 
the photocatalytic activity of TiO2 doped with 
vanadium is less than of the bare TiO2, under UV 
iradiation.   

The amount of vanadium dopant varies from 
0.001 mol%33, 34 to 10 mol%.35, 36   

In the present paper, the preparation by sol-gel 
method of V doped TiO2 nanometric powders is 
discussed, as well as the influence of the amount of 
dopant on the structure and properties of the 
resulted nanopowders. 

EXPERIMENTAL 

Gels and powders preparation 

The V-doped TiO2 powders were prepared by the sol-gel 
method. The initial calculated compositions correspond to a 
TiO2:V2O5 molar percentage of 98:2.0 and 99.95:0.05. 
Ti(O-C2H5)4 (Merck) and VO(acac)2 (Sigma-Aldrich) were 
used as starting precursors in ethanol medium. Acetylacetone 
(AcAc) (Sigma-Aldrich) was used as chelating agent. Nitric 
acid was used as catalyst. The obtained reaction mixture was 
homogenized at room temperature for 2 hours. The gelling 
occurred after 30 days in the case of the gel corresponding to 
0.05% V2O5 and 40 days for the gel with 2.0% V2O5, showing 
a difference according to the V content. The obtained gels 

were dried at 100oC for 16 h, followed by a thermal treatment 
for 1 h at 300°C with a heating rate of 1°C/min. in order to 
eliminate the water and organic residues. The thermal 
treatment was established base on the TGA/DTA results. 

In the synthesized samples the V content expressed as 
at%, represents 0.03at%V in the first composition and to 
1.12at% when the composition was calculated for 2% V2O5. 

The synthesized powders were labeled (Ti-V 0.05%) and 
(Ti-V 2.0%), respectively.  

The composition of the initial solutions and the 
experimental conditions used are presented in Table 1.  

Gels and powders characterization 

The thermal behavior of the precursor gels were 
determined by differential thermal analysis and 
thermo-gravimetric analysis using a Mettler Toledo 
TGA/SDTA 851e equipment in Al2O3 crucibles and in 
flowing air atmosphere. The maximum temperature was set at 
1000°C and the heating rate was of 5°C/min.  

The Fourier-transform infrared (FT-IR) spectra of the 
gels and powders thermally treated were obtained using a 
Nicolet Spectrometer Nico 6700 FT-IR between 400 and  
4000 cm-1. The spectra were obtained using the KBr pellet 
technique. For each sample the spectra were recorded at a 
resolution of 4 cm-1 and processed using the OMNIC  
7.3 software. 

The morphology of the samples was investigated by 
scanning electron microscopy (SEM) using a high-resolution 
microscope, FEI Quanta 3D FEG model, operating at 20 kV, 
equipped with an energy dispersive X-ray (EDX) spectrometer 
Apollo X. The analyses were done in high vacuum mode, with 
Everhart–Thornley secondary electron detector.  

The X-ray measurements were performed an Ultima IV 
X-Ray Diffractometer (Rigaku, Japan) using the Cu Kα 
radiation (Kα = 1.54056 Å) with a scan rate of 5o/min and 
0.02o step size, at 40 kV and 30 mA. The diffraction pattern 
ranging between 10o and 80o was recorded. 

Nitrogen sorption isotherms at -196°C were recorded on 
a Micromeritics ASAP 2020 automated gas sorption system. 
The samples were outgassed at 160°C for 3 h under vacuum 
prior to N2 adsorption. Specific surface areas (SBET) were 
calculated according to the Brunauer–Emmett–Teller (BET) 
equation using adsorption data in the relative pressure range 
between 0.05 and 0.30. The total pore volume (Vtotal) was 
estimated from the amount adsorbed at the relative pressure of 
0.995. The pore size distribution curves were obtained using 
Barrett–Joyner–Halenda (BJH) method from the desorption 
branch. 

  
 

Table 1 

Composition of the initial solution and the experimental conditions of sol preparation 

Molar ratio Experimental 
conditions 

Sample Reagents TiO2/ 
V2O5 ∑ precursor

ROH

∑ precursor
OH 2

∑ precursor
catalyst pH sol 

T (oC) t (h) 

Ti-V 0.05% Ti(OC2H5)4  + 
VO(Acac)2 

98/2.0 36.5 1.35 0.35 3.5 25 2 

Ti-V 2% Ti(OC2H5)4  + 
VO(Acac)2 

99.95/ 
0.05 36.5 1.35 0.35 3.5 25 2 

 ROH = C2H5-OH  
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The photocatalytic tests were performed at 18oC in a 
quartz reactor loaded with 0.1 g of V-TiO2 catalyst dispersed 
under stirring in a solution consisting of 110 mL ultrapure 
water (Millie-Q system >18MΩcm) and 10 mL CH3OH. 
Methanol was used as sacrificial agent (hole scavenger to 
promote H2 formation). The photoreactor was provided with a 
5×5 cm2 window made of optical quartz. The suspended 
catalyst was irradiated with 4.5×4.5 cm2 light flux by a solar 
light simulating source (PEC–L 01, Japan) equipped with a 
150 W short arc Xe lamp. The wave length of the standard 
solar spectrum AM 1.5 (1000 W/m2) was between 350- 
1100 nm  The photon flux entering in the reactor of the 
calibrated solar source was 1.7×1017 photons×cm-2×s-1. 

During the photocatalytic tests, the reactor was bubbled 
with Ar carrier gas at a flow rate of 20 mL⋅min-1. In order to 
prevent the lost of the liquid components, the reactor was 
topped with a condenser cooled at -5oC. The gaseous products 
of photocatalytic reaction (H2 and CO2) were analyzed by gas 
chromatography (Buck Scientific 910 equipped with TCD 
detectors) at 30 min time interval. The components of the 
gaseous mixture were separated and quantified using columns 
packed with 5 Å molecular sieve and Haysept. The photocatalytic 
activity was expressed as μmol of H2 and CO2 produced in one 
hour normalized to 1g of photocatalyst. 

RESULTS AND DISCUSSION 

As prepared gels 

Following the gelling process in the experimental 
conditions presented above, transparent amorphous 
gels were obtained according to the XRD results 
(not presented here). 

FTIR spectroscopy 

The FT-IR spectra of V doped titanium dioxide 
gels are shown in Fig. 1.  

The vibration bands around 3400 cm-1 and 1630 
cm-1 are present in both samples and correspond to 
hydroxyl groups linked with titanium atoms (Ti-
OH) and to surface-adsorbed water.37   

In the same time some vibration bands assigned 
to the reagents used in the synthesis could be 
noticed (1382 cm-1 assigned to NO3

- from the nitric 
acid used as catalyst and at 1287 cm-1 assigned to 
δCH3 from AcAc).   

The low intensity band at 2420 cm-1 can be 
attributed to physical CO2 gas absorbed at the 
surface of material.38 The band around 574 cm-1 
could be assigned to νTi-O of condensed 
octahedral (TiO6) with a small displacement. In our 
case this band is shifted to higher values of 
wavelength due to interaction between TiO2 and V. 

Thermal analysis 

In order to establish the thermal process 
required for elimination of the adsorbed water and 
organic residues from the synthesized gels, 
thermogravimetric and differential thermal analysis 
(TGA/DTA) were used. 

 

 
Fig. 1 – IR spectra of the synthesized V-doped TiO2 gels.    
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Fig. 2 – DTA/TGA curves of the synthesized samples.  

 
In Fig. 2 the TGA/DTA curves for the sample 

Ti-V 0.05% and the similar curves for the sample 
Ti-V 2% corresponding to the decomposition of 
obtained gels are shown, while in the Table 2 the 
thermal effects and their assignment are presented.  

 It could be noticed that the decomposition 
occurs step-wise with a noticeable weight loss in 
the case of sample with Ti-V 2% (21%) and with a 
smaller weight loss in case of sample Ti-V 0.05%  
(10.5%), in the 100-200oC temperature range.  

The differences in the behavior of the two 
samples could be correlated to their composition 
and the reagents used in synthesis. In both cases, as 
V reagent, VO(acac)2 was used that reacts with the 
Ti(O-C2H5)4    during the sol-gel process producing 
acetylacetonate derivates that remains embedded in 
the obtained gels. By thermal treatment they are 
eliminated in the mentioned temperature range. For 
example, the acetylacetone boiling temperature is 
140°C. In the sample Ti-V 2% the weight loss is 
higher than in the case of sample Ti-V 0.05% and 
it is accompanied by two corresponding exothermal 
effects. 

In the 200-500°C temperature range, for both 
samples a weight loss of around 8% is assigned to 
the decomposition and elimination of organic 
species and structural hydroxyl groups.  

At higher temperatures not significant weight 
loss is observed and the exothermal effect noticed 
could be correlated to the powders crystallization. 

Based on the DTA/TGA results, the samples 
were thermally treated at 300°C for 1 h. 

Powders resulted  
by thermal treatment of the gels 

 In accordance with the TGA/DTA results, the 
samples obtained were thermally treated at 300°C 
for 60 min, using a heating rate of 1°C/min. 

SEM-EDX results 

The morphology of the obtained powders was 
determined by SEM investigations. The SEM 
images presented in Fig. 3, show the presence of 
very small particles (<10 nm) with a very low 
degree of crystallization but with a very high 
tendency to agglomerate. No differences were 
noticed depending on the amount of V in the 
powders composition. 

The EDX analysis revealed the presence of V 
only in the case of Ti-V 2% sample (1.1% at.), in 
the amount closely to the predicted value (Fig. 4).
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Table 2 

TGA/DTA results for Ti-V samples 
Thermal effects, (°C) Sample Temperature 

range, (°C) Endo Exo 
Weight 

loss, (%) Assignement 

20-200 85  10.5 
Physically absorbed water and solvent  
elimination; decomposition and elimination of 
organic species 

200-500   8.8 Decomposition and elimination of organic species 
and hydroxyl groups elimination 

0.5 Crystallization 

Ti-V 
0.05%V 

500-1000  510 
∑=19.8  

20-200 72 
 

115 
165 

21 
Physically absorbed water and solvent  groups 
elimination; decomposition and elimination of 
organic species 

200-500  273 7 Decomposition and elimination of organic species 
and hydroxyl groups elimination 

0.5 - 

  Ti-V 
2%V 

500-1000   
∑=28.5  

 

 
a)      b) 

Fig. 3 – SEM images of, a) sample Ti-V 0.05%V and b) sample Ti-V 2%V. 
 

 
Fig. 4 – EDX spectra of Ti-V 2%. 
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X-Ray diffraction 

In Fig. 4 the XRD patterns of the samples are 
presented. The lattice constants of anatase phase 
were calculated using the Whole Pattern Powder 
Fitting module of Rigaku’s PDXL software and are 
listed in Table 3. 

The X-ray patterns of the two samples indicate 
the presence of two phases. The main phase was 
identified as anatase, according with ICDD file no. 
00-021-1272 and the secondary phase is a solid 
solution with rutile structure formed between the 
two oxides, according to ICDD file no. 00-032-1378. 

FTIR spectroscopy 

The FT-IR spectra of the gels thermally treated 
at 300°C for 1 hour, are presented in Fig. 5 and the 
comparative assignment of the vibration bands to 
those noticed in the initial gels are summarized in 
Table 3. 

From the data presented in Table 3 one may 
observe that by thermal treatment some vibration 
bands assigned to the reagents used in the synthesis 
vanished (1382 cm-1 assigned to the presence of 
NO3

-, 1287 cm-1 assigned to the presences of 
AcAc) and the vibration bands in the 3000- 
3500 cm-1 domain, corresponding to the hydroxyl 
groups linked with titanium atoms (Ti-OH), 
diminished. In the same time, the vibration band 
assigned to the Ti-O-Ti network increases, 
showing a network ordering. 

In literature is highlighted the importance of the 
hydroxyl groups linked with titanium atoms (Ti-
OH) for catalytic reactions, because they turn into 
hydroxyl radicals which are strong oxidizing under 
UV conditions.39,40   

V doped TiO2 shows strong peak at 500-550 
cm−1 which can be attributed to Ti–O bond in the 
TiO2 lattice.41  

BET specific surface area and porosity 

 The nitrogen adsorption – desorption isotherms of 
the V-doped TiO2 are shown in Fig. 6. Both 
isotherms are type IV according to the IUPAC 
classification42 and the hysteresis loops are of type 
H2. This type of hysteresis can be observed in the 
pores with narrow neck and wider bodies (ink-bottle 
pores). For the sample Ti-V 2%, the hysteresis loop is 
very narrow and appear in the range of relative 
pressure between 0.35 – 0.55. The insert in Fig. 6 
magnifies the isotherm of Ti–V 2% sample in the 
range where the hysteresis appears. In case of Ti-V 
0.05% sample the hysteresis loop is a bit larger and 
appears at relative pressure between 0.35 – 0.7. The 
desorption branch is steeper than that of the 
adsorption branch in the same range of relative 
pressures. This feature is characteristic of mass-
transfer-limited filling and emptying of non-uniform 
or partially blocked uniform pores.43 This change of 
the hysteresis loops shape can be explained as a result 
of the increasing mesopore size. The pore size 
distribution for both samples is monomodal and 
relatively narrow (Fig. 7). 

 

 
Fig. 4 – The XRD patterns of the samples thermally treated at 300 °C. 
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Table 3 

Lattice constants of anatase phase in the syntesized samples 

Sample a=b 
(Å) 

c 
(Å) 

α=β=γ 
(°) 

Ti-V 0.05% 3.783(5) 9.462(11) 90 
Ti-V 2% 3.7861(19) 9.479(6) 90 

 

 
Fig. 5 – FT-IR spectra of the obtained powders by thermal treatment of the gels. 

 
Table 3 

 The assignment of the vibration bands in IR spectra of the samples 

Wavenumber/cm-1 
Ti-V 0.05% gel Ti-V 2%gel Ti-V 0.05% TT Ti-V 2% TT 

Assignments and vibration 
mode 

3405 3414 3420 3411 νOH structural OH group 
2923  2923 2923  
2850  2847 2847  
2423 2420   CO2 absorption 
1628 1634 1631 1615 δH2O adsorbed water 
1382 1382   νNO3

- 

 1287   δCH3 from AcAc 
 691   Ti-O-Ti 

558 574   νTi-O 
  485 482 Ti-O-Ti 
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Fig. 6 – N2 adsorption–desorption isotherms of Ti-V 0.05% and Ti-V 2%  

(insert magnifies the isotherm of Ti-V 2% sample in the range of hysteresis loop). 
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Fig. 7 – Pore size distribution of Ti-V 0.05% and Ti-V 2%. 

 
Table 4 

BET surface area (SBET), total pore volume (Vtotal) and pore size (D) of the samples 

Sample SBET (m2/g) Vtotal (cm3/g) D (nm) 

Ti-V 0.05% 150.1 0.11 3.1 

Ti-V 2% 242.7 0.13 2.5 
 

The textural parameters (specific surface area 
(SBET), total pore volume (Vtotal) and average pore 
diameter (D)) are summarized in Table 4. As can 
be seen, as the percent of V was increased, the SBET 
and Vtotal increased from 150.1 to 242.7 m2/g and 
from 0.11 to 0.13 cm3/g, while the average pore 
diameter decreased from 3.1 to 2.5 nm.  

Comparing the structure and thermal behavior 
of the synthesized samples it was noticed that they 
have a similar structure (majority anatase and very 
low-content of V-doped rutile) and their thermal 
decomposition takes place in the same temperature 
range. 

Higher differences were established for their 
BET specific surface area and porosity. It is 
assumed that a difference of about 100 m2/g in the 
value of the specific surface area will influence 
their photocatalytic activity.   

Photocatalytic tests 

 The photocatalytic tests under simulated solar 
light were carried out in order to observe whether 
improvements are achieved when TiO2 host 
material is doped with V2O5. Previous studies 
reported that the vanadium doping has a beneficial 
effect on the photocatalytic activity of TiO2.39 The 
decrease of TiO2 band gap by V doping is 
considered to be the main reason for the observed 

activity enhancement. The reported red shift 
observed in band gap absorption seems to confirm 
this hypothesis.44 The Ti-V catalysts were tested 
for photodegradation of natural and synthetic dyes 
under visible light45,46 as well as for the 
photomineralization of organic pollutants.47    
 The comparative results of the photocatalytic 
tests for Ti-V 0.05% and Ti-V 2% catalysts 
obtained for solar light irradiation are presented in 
Fig. 8 (A, B). The figures show the time course of 
the cumulative amounts of gaseous products (H2, 
CO2) generated photocatalytically. The reaction 
rates, expressed as μmol H2 or CO2/g of catalyst 
was calculated in the linear domain of the activity 
plots, after the steady state was established. 
Typically, lower reaction rates can be observed in 
the first 1.5 h of reaction time. The steady state 
(linear dependence of reactant amount on time) 
was reached after the solution was saturated with 
H2 and CO2 at 18oC.  
 Fig. 8 presents comparatively the time course of 
H2 (A) and CO2 (B) formation over the Ti-V 
0.05% and Ti-V 2% respectively. The TiO2 with 
higher V content (2%) was more active to produce 
H2 (1.3 μmol H2/h) compared to the sample with 
low vanadium content (Ti-V 0.05%, 0.5 μmol 
H2/h). The total amount of H2 formed in 4 h under 
sun light irradiation was 3.5 and 2.5 μmol H2 for 
Ti-V 2% and Ti-V 0.05%, respectively.  
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The rate of CO2 formation in the linear domain 
was relatively close for the two investigated catalysts; 
respectively 3.6 μmol CO2/h over Ti-V 0.05% and 
4.3 μmol CO2/h over Ti-V 2%, respectively (see Fig. 
8B). Fig. 8B shows that the catalyst with lower V 
content was more active to produce CO2 in the first 
1.5 h (≈13.4 μmol CO2/h). However, for longer 
reacting time, the rate of CO2 formation decreased, 
reaching the steady state value of 3.6 μmol CO2/h. 
Except the induction period of 0.5 h, the rate of CO2 
formation over Ti-V 0.05% was constant (4.3 μmol 
CO2/h, see Fig. 8B).  

One important information concerning the 
mechanism of photochemical reaction over the two 
investigated catalytic materials can be obtained 
from the analysis of the CO2/H2 molar ratio. In 

steady state conditions (linear dependence of the 
amount of formed gaseous products on time), the 
CO2/H2 ratios were 7.2 and 3.3 for Ti-V 0.05% and 
Ti-V 2%, respectively. It should be mentioned that 
the concentration of residual oxygen in reactor was 
≈ 0.5%. This information should be taken into 
consideration when interpreting the experimental 
data, because the oxidation of methanol occurs in 
parallel with the water splitting. This fact explains 
the formation in excess of CO2 compared to H2. 
For a pure water splitting process, using methanol 
as sacrificial reagent, the ratio H2/CO2 should be 
three. The following equations, describing the 
overall process (water splitting and methanol 
oxidation), can be derived from the experimentally 
obtained data: 

 

 7.2 CH3OH + 10.3 O2 7.2 CO2 + H2 + 13.4 H2O
0.05% V/TiO2

  (1) 

 3.3 CH3OH + 4.45 O2 3.3 CO2 + H2 + 5.6 H2O
2% V/TiO2

  (2) 
  

The reactants and products stoichiometry 
depicted in above equations suggest that Ti-V 
0.05% catalyst behaves mostly as a photooxidation 
catalyst. In contrast, the higher H2/CO2 ratio for Ti-
V 2% catalyst means an increased contribution of 
the photochemical water splitting to the overall 
process. However, in this case too, the oxidation of 
methanol prevails over the water splitting process. 
One suitable and suggestive as well term 
describing the overall photochemical process can 
be photo reforming of methanol.48 
 Based on the experimental results, the 
following main steps can be proposed: (i) the photo 
generation of e- (electron) in conduction band and 

h+ (holes) in the valence band of the catalyst, (ii) 
the electron transfer to surface-adsorbed O2 with 
the formation of the superoxide radical O2

•- which 
is transformed in aqueous media in reactive HO• 
radical, (iii) methanol oxidation by h+ and or HO• 
with the formation of CO2.49 The V dopant 
enhances probably the oxidizing ability of TiO2 by 
accelerating the electron and hole transfer to O2 
[step (ii)] and methanol [step (iii)] catalyzing thus 
the complete oxidation of organic substrate to CO2. 
The role of methanol sacrificial reagent is to react 
rapidly with the photogenerated holes and hydroxy 
radicals in order to decrease the rate of electron-
hole recombination.48 
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 Future research plans should include the 
investigation of the relationship between specific 
lattice defects formation in TiO2 by V doping and 
photocatalytic activity for methanol reforming. 

CONCLUSIONS 

V-doped TiO2 nanopowders powders with 
different V content were synthesized by sol-gel 
method in alcoholic medium. 

The powders were characterized from the point 
of view of their structure, morphology, thermal 
behaviour and adsorption properties. The catalytic 
properties of the samples were also investigated. 

It has been established that the different amount 
of V for TiO2 doping (0.05% or 2.0% V2O5) did 
not influence in major extent the structural and 
thermal properties of the samples, but have 
influenced their morphological and catalytic 
properties. 

The sample doped with the higher amount of V 
has shown a higher surface area as compared with 
the sample with lower V content.  
 The comparative results of the photocatalytic 
tests of the Ti-V 2% and Ti-V 2% samples 
obtained for solar light irradiation have shown that 
the Ti-V 0.05% catalyst show better results for 
water splitting while Ti-V 0.05% catalyst is more 
active in methanol oxidation. 
  Further investigations are underway in order to 
elucidate in more details the catalytic properties of 
the samples for solar light irradiation.   
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