
  

  
Abstract—Fluorine doping-induced changes in defect 

formation and surface phases of V2O5/TiO2 anatase single 
crystals were investigated. F-doping inhibited the phase 
transformation from anatase to rutile. The F impurities were 
incorporated into V2O5/TiO2 lattice, which facilitated the 
formation of oxygen vacancies and increased active sites (O2

-). 
Compared with the pure V2O5/TiO2, F-doping remarkably 
improved the catalytic activity, sulfur-resistance and 
water-resistance performances. 
 

Index Terms—F-doping, V2O5/TiO2, superoxide radical. 
 

I. INTRODUCTION 
Nitrogen oxides (NOX) in flue gas are major air pollutants 

that can cause acid rain, depletion of ozone, and 
photochemical smog. Thus, the removal of NOX has been one 
of the main topics in environmental science and technology. 
Selective catalytic reduction (SCR) with NH3 is the most 
effective for NOX removal, compared with various 
controlling technologies [1]. V2O5/TiO2 based catalysts have 
been used in industry to remove NO from flue gas, but the 
reaction temperature must be higher than 623 K to avoid 
catalysts deactivation by SO2, requiring a high energy 
consumption [2]. In this regard, low-temperature SCR 
catalysts have been widely developed to decrease the energy 
consumption and operating cost. TiO2 is one of the most 
successful supports for vanadium oxide. The performance of 
the catalyst for certain technical application can be 
influenced by its preparation methods, chemical composition, 
treating temperature, crystallite size, surface area, phase 
structure, and doping type and concentration [3], [4]. 
Umebayashi [5] reported S-doping TiO2 by oxidation of 
titanium disulfide and discussed the doping effect on the 
optical-response properties. Wu [6] reported that surface 
chemisorbed oxygen content on the catalyst was greatly 
increased by addition of CeO2 to MnOχ/TiO2, resulting in 
higher SCR activity. 

This work shows that the catalytic activity of V2O5/TiO2 is 
directly related to the surface-phase structure and oxygen 
vacancies, which can be sensitively detected by Raman and 
EPR. More interestingly, it is found that increasing oxygen 
vacancies concentration can enhance the catalytic activity for 
selective catalytic reduction NOX by NH3. From this work it 
can thus be concluded that the surface active oxygen junction 
of a catalyst directly contributes to catalytic reactions and, 
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therefore, provides a possible strategy to develop 
high-performance catalysts by designing and preparing the 
surface-phase and defects junctions. 

 

II. EXPERIMENTAL 

A. Catalysts Preparation 
Titanium dioxide support was prepared by sol-gel method. 

Under continuous stirring, 0.064 mol of tetrabutyl tianate 
(C16H36O4Ti) was added to 0.128 mol of acetylacetone 
(C5H8O2). Then the solution was diluted with ammonium 
fluotiatanate ((NH4)2TiF6) ethanolic solutions (50 mL). Pure 
catalysts were prepared without adding (NH4)2TiF6. After 
vigorous stirring for 2 h at room temperature, the solution 
was heated at 333 K in a water bath for 4 h and dried at 393K 
for 6h. Then the dried material was calcined for 3 h at 773 K. 
Requisite amount of NH4VO3 was dissolved in distilled water 
at about 323-333 K, and the pH of the solution was adjusted 
to 1.0 by the addition of nitric acid solution and impregnated 
by contacting the Titanium dioxide support. The mixture was 
heated to 333 K in a water bath and refluxed for 4 h. Then the 
mixture was dried at 393K for 6h and calcined at 623 K for 4 
h. The catalysts contained 1 wt. % vanadium. The 
as-prepared samples are denoted as VTiFX, in which X 
represents the calculated initial molar ratio of F to Ti 
(RF/Ti×100). In this way, five different samples were prepared, 
i.e. X= 0, 0.5, 1, 1.35 and 2, which are denoted as VTiF0, 
VTiF0.5, VTiF1, VTiF1.35, VTiF2, respectively. 

B. Catalyst Activity Tests 
Catalyst activity measurements were operated in a 

fixed-bed flow reactor at 393-513 K containing 0.3 g catalyst 
(40 mesh) with a gas hourly space velocity (GHSV) of 
15,557 h-. The total gas flow rate was 100 mL/min. Six gas 
streams, 0.05 % NO, 0.05 % NH3, 5 % O2, 6 % water vapor 
(when used), 600 ppm SO2 (when used) and N2 as the balance 
gas were used to simulate the flue gas. The reactants were 
mixed and pre-heated in a gas mixer before entering the 
reactor. The catalytic activities for NO conversion to NO2 
were also measured. The SCR activity of the catalysts for NO 

removal was monitored by Flue Gas Analyzer (Vario Plus, 
German MRU Ltd.) 

 

III. CATALYTIC CHARACTERIZATION 
Raman spectra were performed on a Renishaw Invia 

Raman Microscope with Ar+ radiation (514 nm). The laser 
light was focused onto samples by using a microscope 
equipped with a×100 objective. 
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Micromorphology of the catalysts were examined on a 
JEM-2100 transmission electron microscopy (TEM), the 
samples was deposited on a copper mesh by means of 
dipcoating. 

The X-ray photoelectron spectroscopy (XPS) 
measurements were carried out using a PHI Quantera Ⅱ 
(ULVAC-PHI, Japan) XPS System with monochromatic Al 
Kα excitation. All the bonding energies were calibrated to the 
C1s peak at 284.8 eV of the surface adventitious carbon. 

Electron paramagnetic resonance (EPR) spectra were 
recorded on a Bruker EMX-10/12 X-band (~9.7 GHz) 
spectrometer at ambient temperature. 

 

IV. RESULTS AND DISCUSSIONS 

A. Raman Analysis 
The best support is TiO2-anatase, which ensures high 

activity and resistance against poisoning by SO2 in selective 
catalytic reduction (SCR) of NOX by NH3 compared with the 
form of rutile [7]. Many researchers have studied extensively 
the retardation of phase transformation by doping TiO2 with a 
second oxide or nonmetal ions. From Raman scattering, we 
can acquire useful information on the phase composition, 
crystallinity, and defect (oxygen vacancy) concentrations [8]. 
Fig. 1. exhibited the Raman patterns of the catalysts doped 
with different amounts of F. It could be seen from Fig.1 that 
Raman peaks of F-doped catalysts were observed at 147 cm-1, 
198 cm-1, 398 cm-1, 515 cm-1 and 640 cm-1, corresponding the 
representative Raman frequencies of anatase TiO2 [9]. This 
indicated that anatase particles were the predominant species 
in F-doped catalyst. Meanwhile, we found additional broad 
bands at 448 cm-1 appeared in Raman spectrum of undoped 
catalyst, which was assigned to the rutile mode [9]. In 
addition, the typically rutile phase peak of 610 cm-1 might be 
overlaid with the peak at 640 cm-1 characteristic of anatase, 
resulting in an asymmetry and broad peak. The intensity of 
Raman characteristic bands decreased remarkably by 
F-doping. This phenomenon suggested that F-doping might 
increase the disorder of catalyst surface and inhibited the 
growth of TiO2 crystal size. This also suggested that F ions 
occupied the substituent sites in the TiO2 lattice [10]. As 
shown in inset figure of Fig.1, the peak at 995 cm-1 was 
assigned to the symmetrical stretching vibrations of the 
extreme oxygen atoms, υ (V5+=O) and it was noteworthy that 
oxygen vacancies could be formed on the surface of the 
catalysts, as evidenced by the band (1123 cm-1) assigned to 
superoxides [11]. 

B. TEM Analysis 
Fig. 2. showed that the TEM images of VTiF0 and 

VTiF1.35. It was observed that the morphology of VTiF0 
crystal was a rod-like particle with the length of about 70 - 
150 nm. For VTiF1.35, the average grain size decreased to 
about 12 - 30 nm. This indicated that the grain size of 
VTiF1.35 was largely decreased when F ions were used to 
modify the V2O5/TiO2. The TEM images of VTiF0.5, 
VTiF1.0 and VTiF2.0 were nearly the same as that of 
VTiF1.35. This showed F-doping made the particles more 
refined, which was benefit to increase the better dispersion of 

the active ingredient. 
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Fig. 1. Raman spectra in the range 100-1500 and 1050-1250 cm-1 (inset figure) 
collected on VTiF0(a), VTiF0.5(b), VTiF1(c), VTiF1.35(d), VTiF2(e). 

 

 
Fig. 2. The photographs of (a) VTiF0 and (b) VTiF1.35. 

 

C. EPR Analysis 
Doping of TiO2 with heteroatom introduces defects. The 

defects generally give rise to the oxygen vacancies. Shannon 
and Pask proposed these heteroatom additives were 
promoters if they could increase the oxygen vacancy 
concentration [12]. EPR was recorded to explore the 
formation of oxygen vacancy on the surface of V2O5/TiO2 
catalysts before and after doping F. 

EPR spectra were measured at atmospheric pressure and 
room temperature for the samples. It could be seen a 
significant EPR signal (~3475 G) assigned to superoxide 
radicals (Fig.3). Notably, the effect of this signal intensity 
caused by fluorine dopant was clearly seen from Fig. 3. The 
maximum intensity was observed when RF/Ti reached 1.35 %.  
 

 
Fig. 3. The intensity of EPR signal at 3475 G for different F content doped 

0.1 g V2O5/TiO2 catalysts. (a) VTiF0, (b) VTiF0.5, (c) VTiF1, (d) VTiF1.35, 
(e) VTiF2. 
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D. Effect of F-Doping on Catalysts’ Activity on SCR 
In order to examine the effect of fluorine toward 

V2O5/TiO2 catalyst, different F/Ti molar ratio catalysts were 
prepared by sol-gel method. The NO conversion for the 
catalysts over different F/Ti ratios from 0 to 2 % is shown in 
Fig. 4. Among all catalysts, VTiF0 showed the lowest 
activity and obtained only about 66 % NO conversion when 
the temperature reached 513 K. The NO conversion (98 %) 
was observed over VTiF1.35 at 513 K with GHSV of 15,557 
h-1. Based on the results from Fig.4, it should be noted that 
the performance of catalysts could be improved toward 
fluorine doping. The best catalytic activity was achieved with 
VTiF1.35 in the whole temperature range. So we can 
conclude that F-doping has positive effect on the activity of 
V2O5/TiO2 catalyst for low temperature SCR of NO with NH3. 
It was important to find that the optimal catalyst activity was 
VTiF1.35 which had the maximum amounts of superoxide 
radicals (as shown in Fig.3). The above results confirmed that 
the main reasons for the promotion of NO removal activity 
might result from the creation of superoxide radicals which 
could improve the rate of NO oxidation to NO2, which was 
known to be more active than NO toward SCR reaction [13]. 

 

 
Fig. 4. NOX conversion at temperatures over different catalysts. The total 

flow rate was 150 mL/min. 0.05 % NO, 0.05 % NH3, 5 % O2 with N2 as the 
balance gas, GHSV=15557 h-1. 

 

E. Activity of F-Doping V2O5/TiO2 in the Presence of H2O 
and SO2 
Because there is still residual SO2 remaining after 

desulfurizer, it is necessary to investigate the resistance of the 
catalysts to H2O and SO2 at low temperature. Fig. 5a 
compared the NO conversion over VTiF1.35 at 483 and 513 
K in presence of 6 vol% H2O and 600 ppm SO2, separately. 
Before the addition of H2O or SO2, the SCR reaction had 
been stabilized for 2 h. In the absence of H2O, the NO 
conversion presented little change with 600 ppm SO2 

addition at 483 and 513 K. But when 6 vol% H2O was added 
into the gases, the NO conversion at 453 K and 513 K over 
VTiF1.35 all decreased. With increasing the SCR reaction 
temperature, the inhibitory effect was weakened and 
reversible. Similar effects of SO2 and H2O on the NO 
conversion were observed over VTiF0 (Fig. 5b). Because the 
activity of VTiF1.35 was higher than VTiF0, it was difficult 
to compare the two catalysts anti-H2O inactivation capacity. 
However, the activity of VTiF1.35 in the presence of the H2O 
was still higher than the VTiF0. 

 

 
Fig. 5. Effect of H2O and SO2 on NO conversion at 513 K over VTiF1.35(a) 
and VTiF0(b) catalyst. Reaction conditions: 0.05 vol % NO, 0.05 vol % NH3, 
5 vol % O2, 6 vol % H2O (when used), 0.06 vol % SO2 (when used), balance 

N2, GHSV=41324 h-1, total flow rate 150 mL/min. 
 

V. CONCLUSION 
The effect of the presence Fluorine on V2O5/TiO2 was 

studied using Raman, TEM, and EPR. The results confirmed 
F-doping could inhibit the transformation of anatase TiO2 to 
rutile phase and the anatase form had superior catalytic 
performance than rutile and the growth of the particles. And 
the SO2 and H2O resistance could be greatly enhanced for 
F-doped V2O5/TiO2 catalysts. The catalytic activity was best 
when the concentration of dopant ions was 1.35 % (the molar 
ratio of F to Ti), i.e. the concentration of oxygen vacancy was 
maximum. It should be noted that F-doping can cause many 
superoxide radicals resulting in the improvement of catalytic 
activity in NOX-SCR by NH3. 
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