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Abstract 

Solid solutions of Ti._ ,V,O2 (0,00 < x_< 0.025 ) exhibit higher photocatalytic activity than pure TiO2 for the oxidation of acetone. Results 
from X-ray photoelectron spectrometry, X-ray diffractometry and photoionization detection reveal that the photocatalytic activity of the ~tid 
solution increases with increasing V substitution, but decreases with a decrease in the anatase to mille ratio. The optimum composition in 
terms of activity is x = 0.015, with an anatase to rutile ratio of 9 : I. Zeta potential measurements indicate that the isoele~ tric point ( in terms 
of the pH value) is affected by the amount of V substitution. The catalyst with x = 0.015 has the lowest isoelectric point (at pH 5.5). All these 
results suggest that V substitution may enhance the adsorption of hydroxide ions onto the surface of the catalyst. More hydroxyl radicals t,~an 
be generated, resulting in a higher photocatalytic activity. The s-'nthesis of the catalyst and the efl~-ct of the crysr, d~ine form of the catalyst oft 
its activity are also presented. © 1997 Elsevier Science S.A. 
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1. Introduction 

Since Carey et al. [11 first reported the photocatalytic 
degradation of biphenyl and chlorobiphenyls over the surface 
of titanium dioxide irradiated by near-UV light, the applica- 
tion of semiconducting TiO., as a photocatalyst has received 
increasing attention due to its potential application to the 
purification of groundwater, soils and air polluted by volatile 
organic compounds (VOCs). in the past two decades, most 
of the heterogeneous photocatalysis studies have focused on 
the degradation mechanisms of VOCs in water and e;r over 
TiO2 [2,3], the effects of the photoreaction conditions [4] 
and the design of the photoreactor [51. All of these studies 
have made a considerable contribution to the improvement 
and application of photocatalytic TiO, in environmental 
protection. 

So far, this technology has not been successfully commer- 
cialized, in part because of the low photocatalytic degradation 
rate of VOCs on the surface of TiO2 particles. One solution 
to this problem is to dope metal oxides or elements into the 
photocatalyst. Recently, Do et al. [ 6 ], Papp et al. [ 7 ] and Fu 
et al. [8] have published results on TiO2/WO~, TiO2/MO~, 
TiO2/SiO2 and TiO2/ZrO2 systems. They found that the deg- 
radation rates of VOCs over these binary metal oxides were 
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enhanced. They also found a correlation between the 
enhanced photoreactivity and a higher surface acidity result- 
ing from the addition of metal oxides. The surface acidi~ is 
thought to take the tbnn of stronger surface hydroxyl groups. 
These groups accept holes generated by illumination and 
oxidize adsorbed molecules. 

In this paper, the synthesis of a solid solution of Tit _ ,V~t.~ 
as photocatalyst is described, and the enhanced photc, catalytic 
performance of Til_ ,V,O: is demonstrated. Finally, a dis- 
cussion is given about the relationship between the ~'flmto- 
catalytic activity, crystalline form. chemical compositiot,~ and 
surface hydroxide ions based on the results of polycrystall.~ae 
X-my diffraction (XRD). X-ray photoelectron spectromeuy 
( XPS ) and zeta potential measurements. 

2. Experimental details 

2.1. Synthes is  o f  Ti / _ ,1,',(9,. 

The ~ta,-ting materials were V:O.~ (99.9%, Ar,alaR), TiCI., 
(99.5%, Riedel-deHaen), 10% HC! and citric acid (99.7%, 
AnalaR). The Ti. _,V.,O2 photocatalysts (x=0.00, 0.005, 
0.0! 0.015, 0.02 and 0.025) were prepared by the citric acid 
complexing method by the addition of citric acid to ,an aque- 



200 J.c. Yu et aLI Journal of Photochemist O" and Photobiolvgy A: Chemistr)" I I i (I 997) ! 99-203 

ous HC! solution of  the chlorides of  the corresponding metal 
ions in the required stoichiometry with constant stirring. After 
sonication for 5 rain, this solution was heated on a hot plate 
to remove HC! and H.,O thoroughly. The resulting precipi- 
tates were c',dcined in air at 400 °(2 for 3 h. This method can 
yield highly d i sper~d  solid solutions [ 91. Pure TiO_, catalysts 
with different anatase to futile ratios were obtained using a 
similar method, but at diff.:,'ent calcination temperatures. 

2.2. Measurements o f  photocatalytic activit)" 

Photocatalyfic oxidation experiments of  all catalysts were 
performed at ambicm temperature using a 5000 ml reactor. 
The weight of  the photocatalyst used in the experiment was 
kept constant at 0.2 g. A small amount of  acetone was injected 
into the reactor. The photocatalys~,.; were allowed to come wo 
adsorption equilibrium with the leactant gas in :~,: reactor 
before they were illuminated by UV light. The concentrations 
of  acetone were determined by a photoionization dete,::or 
( MiniRAE Plus Professional PID),  and the i.nitiai concentra- 
tion after adsorption equilibrium had been reached was 1200 
ppm. The starting relative humidity was controlled at 38.0%- 
40.0% and the initial temperature was 22 ° C  as measured 
with a Testo 610 humidity/ temperature meter. The catalyst 
was illuminated by a 15 W 365 nm UV lamp (Cole-Parmer  
Instrument Company) .  

2.3. Characterization of t  aotocatalvsts 

Polycrystaitine XRD patterns were obtained with a Philips 
MPDI8801 diffractometer using Cu Kcc radiation. XPS 
measurements were performed in a Kratos AXIS-HS system 
with a monochromatic AI Kot source and a charge neutralizer. 
All the bindir.g energies were :eferenced to the C~, peak at 
285.0 eV of  the adventit!ous surface carbon. 

2.4. Measuremen, 2r the i,oelectric point 

Zeta potential measurements were carried out on a Brook- 
haven Zeta P~zs anaiyser. The suspension fluid was a i mM 
aqueous solution of potassium nitrate. The concentration of 
catalyst in this suspension was 1 mg ml - ~. The pH value of 
the suspension was adjusted using 0.1 M nitric acid and 0. I 
M potassium hydroxide .solutions. 

3. Results and discussion 

3.1. Effects o f  co'stalline loon  and composition o f  the 
photocatalyst on its activity 

XRD analysis indicates that the main phase present in the 
pbotocatalyst Ti ] _ ,V,Oz calcined at 400 °(2 is anatase. Table 
1 sh~ws the phase composition of  Tit _ ,V,O,.  According to 
the liter.~ture [9] ,  the anatase phase of  TiO2 is the stable 
crystallographic form in pure TiO,, at temperatures below 700 

Table I 
Phase composition of Ti,. ,V,O_, 

Nominal Anatase Rutile 
value ,~fx ( % ) 

Amorphous 
TiO: ( % ) 

0.00 Main phase - 10 < I 
0.005 Main phase I0--! I < ! 
0.01 Main phase ifmi I < i 
0.015 Main phase 10-11 < I 
0.02 Main phase 15-16 < I 
0.025 Main phase 25-26 < I 

°C. However, we found a small amount of  futile phase in the 
samples calcined at 400 °C. We believe that this is partly due 
to the presence of citric acid in our preparation method. The 
calcination temperature is sufficient for the pyrolysis of citric 
acid. The heat generated from this pyrolysis promotes the 
anatase-rutile transformation [ 10]. The amount of  citric acid 
used in the synthesis of  each solid solution is the same; the 
larger amount of  futile phase in Ti~ _ ,V,(3 z (x > 0.02) than 
in Ti i_ ,V,O2 ( x < 0 . 0 1 5 )  may result from the different 
amount of V20~ used in the synthesis of these catalysts. 

Fig. I shows the initial degradation rate of  acetone over 
pure TiO2 catalyst as a function of the rutile content, calcu- 
lated by comparing the area of  the most intense futile peak in 
the XRD pattern with that of  100% futile. The initial degra- 
dation rate of  acetone decreases gradually with increasing 
futile content in the TiO2 photocatalyst. Therefore the crys- 
talline form of TiO, is an important factor determining its 
photocatalytic activity. The greater the anatase content in the 
catalyst, the higher its photocatalytic activity. These results 
are in agreement with those reported previously [ I ! ]. 

The initial degradation rate of acetone over solid solutions 
o fT i~ .  ,V,O_, is shown in Fig. 2. With increasing amounts of 
V substitution for Ti in the structure of  TiO,,  the initial deg- 
radation rate increases gradually up to x=0 .015 ,  a rd  then 
begins to decrease. To explain these observations, the curve 
in r:ig. 2 is divided into two regions. In region I (x <0 .015) ,  
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Fig. !. In;,iai degradation rate of acet( ne over pure TiO~ as a funclion of 
futile content. 
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Fig. 2. Initial degradation rate t)t'acctone over Ti, ,V,O_, as a function of V 
content. 

the degradation rate increases to a maximum value at 
x=  0.015. As shown in Table 1, the phase compositions of 
the four Ti,_,V,O_, catalysts (x=O.00. 0.005, 0.01 and 
0.015) are virtually the same. Therefore the increase in deg- 
radation rate is not due to the change in the anatase to rutile 
ratio; it must be related to changes on the surface of 
Ti~ _,V,O_, resulting from V substitution. Possible changes 
on the surface of the catalyst will be discussed in the following 
sections based on the results of XPS and isoelectric point 
measurements on Ti~ ._ ,V,O,.. The reason for the decrease in 
the initial degradation rate in region 2 is quite obvious. As 
shown in Table !, the two photocatalysts with high vanadium 
contents have a much higher percentage of rutile phase. Such 
a high rutile content causes a decrease in the photocatalytic 
activity. The crystal structure of the photocatalyst plays a 
dominant role in this region. 

substitute for T; and exist in the form of pure V:O:. From the 
X-ray photoelectron spectrum, the actual values of x in 
Tij_,V,Oz determined for the nominal compositions 
x=0.01,  x=0.015, x =  0.02 and x =  0.025 are 0.007, 0.01 !, 
0.010 and 0.010 respectively. The x values determined are 
lower than expected because some of the vanadium from 
V_,O.~ does not enter into the lattice of the cataly.,a. More than 
50% of vanadium exists as pure V2O~ m the catalysts with 
x = 0.02 and x = 0.025. Since it has been reported that pure 
V_,O~ does not show any photocatalytic activity [131, the 
greater amounts of pure V.,O~ present in these two catalysts 
contribute ;o iheir lower photocatalytic activity. The presence 
of a higher V,Os content, together with TiO:, can cau~  a 
high exothermic reaction, leading to locally very high tem- 
peratures and enhancing the anatase-rutile transformation 
114--181. Therelbre the content :ffthe rutile phase is greater 
in Ti= _ .,V,Oz with x = 0.02 and x = 0.025 lhaa in Tit _ ,V,O:_ 
with x = 0.00. x -- 0.005. x = 0.01 and x = 0.015. as shown in 
Table !. The signal of V.,p,_, in Til_,V, O2 (nominal 
x = 0.005) in the X-ray photoelectron spectrum is too weak 
to he detected. The X-ray photoelectron spectra of V_,o,: in 
"fi= . ,V~O z (x=O.01 and x=0.OlS) and in pure V:O.~ are 
shown in Figs. 3. respectively. 

The system Ti, _ ,V,O,. with x < 0.015 exhibiL~, an tncrease 
in activity with increasing V substitution for Ti, as shown in 
Fig. 2. The increase is not likely to be related to t,he formation 
of ~zew compound.s, because there is no t.hermodynamically 
stable vanadiun~titanium phase at these compositions under 
:he calcination conditions used [ 191. Our XRD spectra also 
suggest that no new vanadium-titanium compound is present. 
The V_,O~ which fails to enter the structure of the solid solu- 
tion exhibits no photoaetivity. Therefore the increa~ in pho- 
t~atalytic activity musl be due to a change in tim surface of 
the catalyst resulting from V substitution. Becau~ of the high 
calcination temperature u,~d in the preparation, and from the 
binding energy value of V_, o in Ti= _ ,V,O> we believe that 

3.2. Relationship between tti~ /,hotocata/ytic activity. 
chemical compositimz and surface hydroxyl ions of  
Til - ,V,O., 

From XPS measurements, it is clear that the peak position 
and peak shape of the binding energy for Vzp,,, in Ti~ _ ,V,O: 
are different from those for V,_r,, - in pure V_,O.~, due to the 
different coordination in the two crystal structures. After fur- 
ther analysis, it was found that the peak of Vzp,,: in the solid 
solution consists of two signals at binding energies of 517.93 
eV and 517.20 eV. The comparison of the tyro values with 
the binding energy of V2p in pure V_~Os ( Fig. 5) and with the 
values reported in the literature for a number of vanadium 
oxides [12] shows that the binding energy of 517.93 eV 
corresponds to V in the form of pure V,O.~ and the binding 
energy of 517.20 eV can be attributed to V in Tit_ ~V,Oz. 
The presence of a signal with a binding energy at 517.93 eV 
in the X-ray photoelectron spectrum of the Ti, _ ~V,O2 sample 
reveals that some V atoms fail to enter the lattice of TiO_~ to 
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Fig. 3. X-Ra) phomciectmn sl:~.:ttumofV:r,.:in Tit_,V,O:(x=O.OIL 
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Fig. 4. X-Ray phuh~:l¢cl,on ~pcdrum of V_.,, : in Ti, ,V,O. (x = 0.()15 ). 
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Fig. 5. X-Ray photoelectron .~pectrum t)f V.,~,, : in pure V:O,. 

the oxidation state of V should still be + 5 inside its host 
oxide. When the + 5 vanadium ions replace the + 4 titanium 
in the solid solution, a positive charge imbalance is created. 
Since the charge imbalance must be neutralized, species with 
a negative charg.e are expected to exist on the surface of 
Ti ; .  ,V,O: to balance the excess positive charge. In this case. 
the species with a negative charge is probably the hydroxide 
ion. since the C!- inn and other organic anions react com- 
pletely during .synthesis and calcination. The presence of 
hydroxide ions on the surface may enhance the photocatalytic 
activity of TiO,. According to the photocatalytic mechanism 
ofTiO_, i 20-221, when the anatose phase of the TiO.~ particle 
is illuminated by UV light at wavelengths of less than 370 
rim. the valence band electrons of TiO: can be promoted to 
the conduction band, creating highly reactive electron and 
hole pairs. The electrons and holes migrate to the solid surface 
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Fig. 6. Ze ta  potential  o f T i , .  , V , O :  as  a func t ion  o f  pH value.  

of TiO, and are trapped at different sites. For gas-solitl holl to- 
geneous photocatalysis, the 02 in air can scavenge the trapped 
electrons and, in this case, the photogenerated holes may be 
trapped by the hydr6xidc ions adsorbed on the surface of the 
catalyst to form hydroxyl radicals, which can oxidize 
adsorbed organic molecules. Thus these hydroxide ions used 
as hole traps prevent electron-hole recombination and 
increase the quantum yield. The initial photoreaction steps 
may be summarized as follows 

Ti= ,V O , + h u ~ h  ~ + c  

h" +OH " -*OH" 

e +O~---*O'- 

OH'+CH ~ COCH .~ ~ ' C H  z COCH 3 + H., O 

The oxidative reaction of acetone is believed to be initiated 
by OH radicals. A larger number of hydroxide ions may be 
expected to yield ~ higher photocatalytic reaction rate. 

Zeta potential studies of three Ti ,_,V,O, catalysts 
(x = 0.00, 0.01 and 0.015 ) were performed on a Brookhaven 
Zeta Plus analyser. Since the zeta potential of the catalyst 
panicles suspended in solution is changed by adjusting the 
pH of the solution, the hydroxide groups on the surface of 
the catalyst are assumed to lose and gain protons accordingly. 
Fig. 6 shows the zeta potential data for the three catalysts. 
The results show a clear difference in isoelectric point 
between the three catalysts. The isoelectric points of 
Tia_,V,O_, (x=0.00,  0.01 and 0.0151 are 6.5.6.1 and 5.5 
pH units respectively. The lower isoclectric point in terms of 
the pH value means a higher concentration of hydroxide ions 
on the surface ol the catalyst. Thus it can be concluded that 
the number of hydroxide ions on the surface of the Til _ ,V.,O2 
catalyst increases with increasing V ~* substitution. There- 
fore at a higher value ofx, the catalyst "Fi, ,V,O~ ( x < 0.015 ) 
has a larger number of hydroxide ions on its surface, and 
exhibits a higher photocatalytic reaction rate. 

4. C o n c l u s i o n s  

The crystalline torm of TiO2 is an important factor in 
determining the photoca~alytic activity for the oxidation of 



J.C Yu et al. / Jo ,  rnal of  Photochemi.stO" and PhotobivhJgy A: Chemistry I I ! (I 997) 199-203 ,-tO3 

acetone. Doping vanadium into TiO, to form a solid solution 
of Ti~ _ ~V~O, (x ~ 0.015) can enhance the photocatalytic 
activity of acetone degradation. The increase in activity is 
probably due to the higher concentration of surface hydroxide 
ions resulting from the replacement of Ti 4 + with V 5 +. 
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