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The interaction of vanadium oxide and niobium oxide with A1203 and TiO2 supports is examined with Raman spectroscopy. 
The Raman spectra of the supported metal oxides reveal that the strong interaction of the metal oxides with AI203 and TiO2 
supports results in the formation of two-dimensional surface metal oxide overlayers. The surface vanadium oxide overlayers are 
unstable to high calcination temperatures and readily undergo solid state transformations. The surface niobium oxide overlayers 
are much more stable to high-temperature calcination treatments and retard solid state transformations of the mixed oxide systems. 

1. Introduction 

Supported metal oxides are formed when one metal 
oxide phase is dispersed onto a second metal  oxide 
substrate. The dispersed supported metal oxide phase 
can s imultaneously possess several different molec- 
ular states. The mult iple  molecular  states that can 
s imultaneously coexist  in the suppor ted  metal  oxide 
phase have generated confusion in the unders tand-  
ing of  suppor ted  metal  oxide materials.  This con- 
fusion has resulted pr imar i ly  because of  the lack of  
appl icable character izat ion techniques capable of  
d iscr iminat ing between these different molecular  
states. Convent ional  character izat ion techniques 
provide general informat ion concerning the physical 
characterist ics of  the suppor ted  metal  oxide phase, 
but are not adequate  to d iscr iminate  between the dif- 
ferent molecular  states that  are s imultaneously 
present [1].  In the past  few years, however,  char- 
acter izat ion studies of  suppor ted  metal  oxides have 
shown that  the different molecular  states in the sup- 
ported metal  oxide phase can be d iscr imina ted  with 
the use of  laser Raman  spectroscopy [2,3].  This 
technique can readily d iscr iminate  between the dif- 
ferent molecular  states of  the suppor ted  metal  oxides 
because each state possesses a unique vibrat ional  
spectrum that  is related to its structure. Therefore,  
Raman spectroscopy provides  direct informat ion 
about the structure of  each state as well as a method 

of  discr iminat ing between the various states. 
In the present investigation we report  on the Ra- 

man spectroscopy of  suppor ted  vanad ium oxide and 
suppor ted  n iob ium oxide on A1203 and TiO2 sup- 
ports. The influence of  the oxide supports  and cal- 
c inat ion tempera ture  upon the structural nature of  
the suppor ted  vanad ium oxide and n iobium oxide 
phases will be discussed. The vanad ium oxide and 
n iob ium oxide systems were s imultaneously inves- 
t igated in order  to highlight the similari t ies and dif- 
ferences between these two supported group VB metal 
oxides. 

2. Experimental 

The supported metal  oxide catalysts were pre- 
pared by the incipient-wetness impregnation method. 
The oxide supports consist of)'-A1203 (Harshaw, 180 
m2/g)  and TiO2 (Degussa P-25, ana tase / ru t i l e  ~ 2, 
55 m2/g) .  The VzOs/TiO~ samples were made with 
VO(OC2Hs)3 (Alfa)  in ethanol,  dr ied at room tem- 
perature for 16 h, dr ied at 110-120 ° C for 16 h, and 
calcined at 450°C for 2 h. The V2Os/AI203 samples 
were made  with VO(OC3H7) 3 (Alfa)  in methanol ,  
dr ied at room tempera ture  for 16 h, dr ied at 110- 
120°C for 16 h, and calcined at 450°C for 16 h. The 
Nb2Os/TiO2 and Nb2Os/Al203 samples were syn- 
thesized from Nb (HC204) s (Niobium Products Co., 
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Pittsburgh, PA) in oxalic acid solution. The sup- 
ported niobium oxide samples were subsequently 
dried at 110-120°C for 16 h, and calcined at 500°C 
(Nb205/A1203, 16 h; Nb2Os/Ti02, 2 h). Several of 
the above samples were further calcined at higher 
temperatures in order to examine the influence of 
calcination temperature upon the supported vana- 
dium oxide and niobium oxide systems. The sample 
surface areas were measured with a Quantisorb BET 
apparatus using N2 gas. The Raman apparatus has 
been described elsewhere [2 ]. 

3. Results and discussion 

3.1. Supported vanadium oxide 

The interaction of vanadium oxide with the A120 3 

support is shown in the Raman spectra presented in 
fig. 1. The nature of the supported vanadium oxide 
phase is determined by comparison of the Raman 
spectra of the supported vanadium oxide sample with 
spectra of vanadium oxide reference compounds [4- 
9]. The 3-20% VzO5/AlzO 3 samples do not contain 
the Raman features of either crystalline V2Os (ma- 
jor bands at 1000, 703,525, and 150 cm-~ ) or AIVO4 
(major bands at 1017, 988, 899, 510, 391,319, 279, 
and 133 c m -  ~ ), but possess weak and broad Raman 
bands characteristic of surface vanadate species. The 
two-dimensional surface vanadate overlayer pos- 
sesses coverage-dependent Raman bands in the 900- 

1000 c m -  1 region which are characteristic of  sym- 
metric V=O stretching modes and bands at = 500 and 
220 c m - l  which are characteristic of V - O - V  link- 
ages. Above 20% V2Os/A1203, the Raman spectra 
exhibit the strong and sharp features diagnostic of 
crystalline V205 which overshadow the weaker Ra- 
man features of the surface vanadate overlayer. Thus, 
a monolayer of the surface vanadate species on al- 
umina corresponds to ~20% V205/A1203 for this 
system. A closer examination of the Raman spectra 
below monolayer coverage reveals that the 10 and 
20% V2Os/AI203 spectra possess more pronounced 
features and additional bands than in the 3 and 5% 
V205/A1203 spectra. These differences suggest that 
the nature of the surface vanadate species on A1203 
changes with surface coverage. Additional insight into 
the molecular structure of the surface vanadate 
overlayer in V2Os/A1203 is obtained from 5~V solid 
state NMR experiments [ 10]. The solid state NMR 
measurements reveal that two different surface van- 
adate structures exist on the alumina surface and that 
their relative concentrations depend on surface cov- 
erage. Below 10% V2Os/A1203, a tetrahedral surface 
vanadate species possessing two terminal oxygen at- 
oms is present. At 10-20% V2Os/AI203 a second 
surface vanadate species is also present possessing a 
square-pyramidal structure (VOs; similar to that 
found in bulk V205). 

The Raman spectra for the supported vanadium 
oxide on TiO2 samples are presented in fig. 2. In gen- 
eral, the very strong TiO2 Raman features below 700 

t V2Os/AI203 (500°C) 

g 
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Fig. 1. Raman spectra for V2Os/AI203 (500 °C) as a function of 
vanadia coverage: (a) 3% V205, (b) 5% V205, (c) 10% V2Os, 
and (d) 20% V205. 
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Fig. 2. Raman spectra for V2Os/TiO 2 (450°C) as a function of 
vanadia coverage: (a) 1% V2Os, (b) 3% V205, (c) 5% V205, and 
(d) 8% V205. 
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c m - I  prevent the acquisition of  Raman spectra in 
this region for supported metal oxides on TiO2. Fur- 
thermore, the TiO2 support possesses a weak band at 

796 cm-~ which arises from the first overtone of  
its very strong band at 398 c m -  ~. The 1-5% V205/ 
TiO2 samples do not exhibit the Raman features of  
crystalline V205, but possess the weak and broad Ra- 
man bands characteristic of  a two-dimensional sur- 
face vanadate phase. The surface vanadate species 
exhibit coverage-dependent Raman bands in the 900- 
1000 cm-~ region which are characteristic of  the 
symmetric V=O stretching modes. The Raman spec- 
trum of the 8% V2Os/TiO 2 sample is dominated by 
the strong and sharp band of  crystalline V~O5 at 1000 
cm-~ and overshadows the weaker Raman features 
of  the surface vanadate species. Thus, a monolayer 
of  the surface vanadate on titania corresponds to 

7% V2Os/TiO2 for this system. Additional insight 
into the molecular structure of  the surface vanadate 
overlayer in V2Os/TiO 2 is obtained from 5~V solid 
state N M R  experiments and reveals that the square- 
pyramidal VO5 surface vanadate species is much 
more prominent on the TiO2 support than on the 
A1203 support at comparable surface coverages of  
vanadium oxide [ 10 ]. 

The influence of  elevated calcination tempera- 
tures upon the V2Os/AI203 and V2Os/TiO2 systems 
was also investigated. Both of  these supported van- 
adium oxide systems exhibit very dramatic de- 
creases in surface area upon calcination between 700 
and 950 ° C, and the corresponding surface areas are 
shown in table 1. Note that the presence of  the sup- 
ported vanadium oxide phase dramatically acceler- 
ates the loss in surface area of  both the AI203 and 
TiO2 supports. The significant loss in surface area of  

Table 1 
Influence of calcination temperature on surface area of sup- 
ported vanadium oxide on TiO2 and A1203. 

Sample Calcination temperature a~ 

450oc 700°C 850°C 950°C 

TiO2 56 m2/g 31 m2/g 12 m2/g - 
5% V2Os/TiO2 46 m2/g 17 m2/g 5 m2/g - 

AI203 180 m2/g - - 94 m2/g 
5% V2Os/AI203 178 m2/g - - 3 me/g 

~ TiO2 samples calcined for 2 h; A1203 samples calcined for 16 
h. 

the oxide supports serves to increase the surface den- 
sity of  the two-dimensional vanadate overlayer and 
transforms the surface vanadium oxide species to 
crystalline V205. This is shown in the Raman spectra 
of  5% V2Os/A1203 calcined at 500°C and 950°C in 
fig. 3 where the surface vanadate overlayer is trans- 
formed to crystalline V205 by the heat treatment. Tile 
supported crystalline V205 is stable on the A1203 
support and does not undergo any solid state reac- 
tions with the alumina support at elevated temper- 
atures (crystalline AIVO4 is not stable at elevated 
temperatures).  Thus, the loss in surface area of  the 
V 2 0 5 / A I 2 0 3  system at elevated temperatures results 
in a phase separation of  the V205 and AI203 com- 
ponents. The influence of  calcination temperature 
upon the V2Os/TiO2 system is somewhat more com- 
plicated as shown in the Raman spectra 0f5% V205/ 
TiO2, calcined at 450°C and 850°C in fig. 4. The 
supported crystalline V205 is unstable on the TiO2 
support upon calcining at 850 °C as demonstrated by 
the absence of  the Raman band due to crystalline 
V205 at 1000 c m - ' ;  the 5% V2Os/TiO2 sample 
undergoes a solid state reaction with the titania sup- 
port to form crystalline V,Tit_~.O2 (rutile) with si- 
multaneous reduction of  the vanadium from the + 5 
to the + 4  oxidation state. The V,Ti~ ,02  (ruffle) 
solid solution has been well documented in the lit- 
erature [6,9,11-14].  Thus, the V205/Ti02 system 
undergoes a solid state reaction at elevated temper- 
atures to form a single mixed oxide phase. These 

i ~ , I ' I ' I ~ I 

Jl ~ / j l  5% V2Os/AI2Oa 

P- L I i I ~ i I I I [ 
1200 1000 800 600 400 200 

Raman Shift (cm 1) 
Fig. 3. Raman spectra for 5% V2Os/AI203 as a function of calci- 
nation temperature: (a) 500°C and (b) 950°C. 
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Fig. 4. Raman spectra for 5% V205/Ti02 as a function of  calci- 
nation temperature: (a) 450°C and (b) 850°C. 
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Fig. 5. Model of the interaction of  vanadium oxide with oxide 
s u p p o r t s .  

structural transformations are schematically de- 
picted in fig. 5. 

3.2. Supported niobium oxide 

The interaction of niobium oxide with the A1203 
support is shown in the Raman spectra presented in 
fig. 6. The nature of  the supported niobium oxide 
phase is determined from a comparison of the Ra- 
man spectra of the supported niobium oxide samples 
with those of niobium oxide reference compounds 
[15,16]. The 1-19% Nb2Os/A1203 samples do not 
contain the Raman features of either the crystalline 
Nb2Os phases (major band at ~ 690 cm-J  due to 
NbO6 octahedra) or A1NbO4 (major bands at 93l, 
423, and 253 cm-~) ,  but possess weak and broad 
Raman bands characteristic of a two-dimensional 
surface niobate species. The surface niobate over- 
layer exhibits coverage-dependent Raman bands in 

NbzOJAI203 (500"C) 

g 
Q7 / (b) 5% Nb205 

1,200 1,0~00 ' 800 ' 600 ' 400 ' 2(~0 
Raman Shift (cm-i) 

Fig. 6. Raman spectra for Nb2Os/AI203 (500°C) as a function 
of niobia coverage: (a) 1% Nb2Os, (b) 5% Nb2Os, (c) 10% 
Nb2Os, (d) 15% Nb2Os, and (e) 19% Nb2Os. 

the 890-920 c m -  ~ region which are characteristic of  
the symmetric Nb=O stretching modes and bands at 

230 cm -1 which are characteristic of  N b - O - N b  
linkages. The molecular structure of the surface 
niobate species giving rise to the 890-920 c m -  1 band 
is not completely understood at present (either a dis- 
torted octahedral or distorted tetrahedral structure). 
At niobium oxide contents of 10-19% Nb2Os/A1203 
a pronounced Raman band at ~ 630 cm-~ is also 
present. This additional Raman band at ~ 630 c m -  
is due to an octahedrally coordinated surface niobate 
species that is present in the surface niobate over- 
layer at high surface coverages. Thus, similar to the 
V2Os/A1203 system, it appears that two different 
surface niobate species are present on the alumina 
support and that their relative concentrations are de- 
pendent on the surface coverage of the surface niob- 
ate species. 

The Raman spectra for the supported niobium ox- 
ide on TiO2 samples are presented in fig. 7. The 1- 
8% Nb2Os/TiO2 samples give rise to extremely weak 
(especially against the TiO2 background) and broad 
Raman bands in the 890-950 cm-Z region. These 
Raman bands are characteristic of a two-dimen- 
sional surface niobate species and are consistent with 
symmetric Nb=O stretching modes. The very strong 
TiO2 Raman features below 700 cm-~ prevent the 
acquisition of additional Raman bands of the sur- 
face niobate phase and consequently the possible 
identification ofNb205 crystalline phases. X-ray dif- 
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Fig. 7. Raman spectra for Nb2Os/Ti02 ( 500°C ) as a function of 
niobia coverage: (a) 1% Nb2Os, (b) 5% Nb2Os, and (c) 8% 
Nb20,. 

fraction analysis of the Nb2Os/Ti02 samples did not 
reveal the presence of Nb205 crystallites. 

The behavior of the Nb2Q/A1203 and Nb2Os/ 
TiO2 systems at elevated calcination temperatures is 
strikingly different from that of the corresponding 
supported V205 systems. The presence of the surface 
niobium oxide overlayer retards the loss in surface 
areas of the A1203 and TiO2 supports at elevated cal- 
cination temperatures as shown in table 2. The in- 
fluence of these high-temperature treatments upon 
the surface niobium oxide phases is shown in the Ra- 
man spectra of figs. 8 and 9. The Raman spectra of 
the 5% Nb205/AI203 sample calcined at 500 and 
950°C (see fig. 8) reveal that the surface niobium 
oxide overlayer is present in both samples, and there 
is no evidence for the formation of crystalline Nb2Os 

Table 2 
Influence of calcination temperature on surface area of sup- 
ported niobium oxide on TiO2 and AI203. 

Sample Calcination temperature a 

500°C 700°C 850°C 950°C 

TiO2 5 6 m : / g  31m2/g  12m2/g  - 

5% Nb2Os/ 
TiO2 55 me/g 46 m : / g  21 m2/g - 

AI20~ 180 m2 /g - 94 m2 /g 

5% Nb205/ 
AI20~ 178 m2/g - - 99 m2/g 

"' TiO2 samples calcined for 2 h; A120~ sample calcined for 16 h. 

5% Nb;O~,'TiO:~ 

i i ~ i i 

1 200  1 100 1 0 0 0  900 800 

Raman Shift (cm ') 

Fig. 8. Raman spectra for 5% Nb20~/A120~ as a function of  cal- 
cination temperature: (a) 500°C and (b) 950°C. 

or AINbO4 phases. The additional Raman bands in 
the 950°C calcined sample are due to the transfor- 
mation of the ]t-A1203 support, which does not give 
rise to Raman signals, to 8 -A120  3, which gives rise to 
major bands at 253, 750, and 843 cm-1 [2]. In con- 
trast to the V205/A1203 overlayer, the surface nio- 
bium oxide overlayer is stable to calcination at ele- 
vated temperatures. The high-temperature stability 
of the surface niobium oxide overlayer on alumina 
is due to the strong interaction between the surface 
niobium oxide species and the alumina support as 
well as the high surface area of the Nb2Os/A1203 sys- 
tem. Crystalline AINbO4 and Nb20~ phases are 
formed, however, at higher calcination temperatures 
and niobia concentrations, where the conditions are 

55~ Nb205,'AI203 

> ,  

1,200 ' 1,000 ' 8 ;0  ' 6 ;0  ' 4 ;0  ' 2 ;0  

Raman Shift (cm '/ 

Fig. 9. Raman spectra for 5% Nb2Os/TiO2 as a function of  cal- 
cination temperature: ( a ) 500" C and ( b ) 850 ° C. 
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such that the surface niobium oxide concentration 
exceeds monolayer coverage and a portion of the 
supported niobium oxide phase is not directly in- 
teracting with the alumina surface. Thus, solid state 
transformations are retarded in the presence of sur- 
face niobium oxide overlayers on A1203. 

The Raman spectra of the 5% Nb2Oh/TiO2 sample 
calcined at 500 and 850°C (see fig. 9) reveal that 
the surface niobium oxide overlayer is partially 
transformed to crystalline H-Nb205 (characteristic 
Raman band at 1000 cm-  ~ ) by the high-temperature 
treatment. The weak Raman band at ~890-940 
cm-~ originates from the surface niobate overlayer 
also present in the 5% Nb2Oh/TiO2 (850°C) sam- 
ple. The lower surface area of the 5% Nb2Oh/TiO 2 
(850°C) sample relative to 5% Nb2Oh/AI203 
(950°C) results in a surface coverage of the sup- 
ported niobium oxide phase on TiO2 beyond mono- 
layer coverage, and transformed a portion of the sur- 
face niobate species to crystalline Nb2Oh. At higher 
calcination temperatures the crystalline Nb205 reacts 
with the titania support to form several different Nb-  
Ti-O phases [ 17 ]. In contrast to the V2Oh/TiO2 sys- 
tem, the surface niobium oxide overlayer strongly 
interacts with the titania surface and is stable to high 
calcination temperatures. Furthermore, solid state 
transformations are retarded in the presence of sur- 
face niobium oxide overlayers on TiO2 (i.e., trans- 
tbrmation of TiO2 (anatase) to TiO2 (rutile), for- 
mation of crystalline Nb205 or Nb-Ti-O phases, and 
loss in surface area of TiO2 support). The structural 
transformation in the Nb2Oh/AI203 and Nb2Oh/TiO2 
systems are schematically depicted in fig. 10. 

3. 3. Supported vanadium oxide and niobium oxide 

The preceding studies demonstrate that the sur- 
face vanadium oxide overlayers and surface niobium 
oxide overlayers behave very differently at elevated 
temperatures. The surface vanadium oxide overlay- 
ers were found to be unstable to high calcination 
temperatures and to readily undergo solid state 
transformations. In contrast, the surface niobium 
oxide overlayers were found to be significantly more 
stable to high calcination temperatures and to retard 
solid state transformations. To determine if the sta- 
bilizing effect of the surface niobate overlayers could 
be incorporated into the unstable surface vanadate 
overlayers, several supported V2Os-Nb205 mixed 

N Ox NbO N~o..~o~ N~o..,gh .~.o. 1 ~o~ N~.o. 
Temperature ] 

NbO, NbO, 
NbO NbO NbO NbO NbO NbO, , ~ , × , ~ H,gh ] I "1 ' 

Temperature ] 
Tie 2 (A+RJ ~ Tie: (A+R) 

Ca clnat on 

• Solid state reactions between oxides retarded due to 
stabilization of oxide supports by niobium oxide overlayer 

• Bulk AINb04 and Nb-Ti-O phases form at higher 
temperatures and Nb205 concentrations 

Fig. 10. Model of the interaction of niobium oxide with oxide 
supports. 

samples were prepared and investigated. The V2Oh- 
Nb2Oh/TiO2 system was chosen because of the ex- 
treme instability of the V 2 0 5 / T i 0 2  system at inter- 
mediate calcination temperatures (450-600°C). 
Samples containing 8% V205 were prepared by im- 
pregnating a TiO2 support containing 0-8% Nb2Oh/ 
TiO2 and calcined at 575°C for 2 h. 

The Raman spectra of the V2Oh/Nb2Oh/Ti02  
(575°C) samples are shown in fig. 11. The stronger 
Raman bands of the vanadium oxide component 
overshadow the weak Raman bands of the surface 
niobium oxide overlayer, and therefore the Raman 
bands of the supported vanadium oxide component 
are observed but not those due to the supported ni- 
obium oxide phase. In the absence of surface nio- 
bium oxide, the supported vanadium oxide phase 
exhibits a strong and sharp Raman band at 1000 
cm -~ characteristic of crystalline V205, because 

8% V2Oh,'NbzOs/-ri02 (575°C) (d) 8% Nb~O~ J 

_E 

i i i i i 
1.200 1,100 1,000 900 800 700 

Raman Shift (cm ~) 

Fig. l 1. Raman spectra for 8% V2Oh/Nb2Oh/TiO2 (575°C) as a 
function of niobia coverage: (a) 0% Nb2Oh, (b) 1% Nb2Oh, (c) 
5 %  N b 2 O h ,  a n d  (d) 8 %  N b 2 O h .  
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Table 3 
Surface niobium oxide phase thermally stabilizes the V 2 O s / T i O  2 

system. 

Sample BET surface 
areas a 

8% V2Os/TiO2 21 m2/g 
8% V2Os/TiO2+ 1% Nb205 43 m2/g 
8% V~Os/TiO2+ 5% Nb205 43 m2/g 
8% V:O5/TiOe + 8% Nb205 46 m:/g 

a~ All samples calcined at 575°C for 2 h. 

m o n o l a y e r  coverage  is exceeded.  In the presence  o f  

surface n i o b i u m  oxide,  the suppor t ed  v a n a d i u m  ox- 

ide phase exhibi ts  a weak and b road  R a m a n  band  

charac ter i s t ic  o f  a surface v a n a d i u m  ox ide  ove r l aye r  

(see fig. 2 ). The  co r re spond ing  surface areas o f  these  

V 2 O s / N b 2 O s / T i O  2 samples  are p resen ted  in table 3, 

and fur ther  reveal  the  s tabi l iz ing inf luence  o f  the  

surface n i o b i u m  ox ide  ove r l aye r  on the V2Os /T iO2  

systems. Thus,  the  presence  o f  surface n i o b i u m  ox- 

ide overlayers  on TiO2 retards the loss in surface area 

o f  V 2 0 5 / T i O  2 sys tems and  the h igher  surface area, 

in turn,  ma in t a in s  the suppor ted  V2Os phase  as a 

surface vanada t e  over layer .  Th is  p roper ty  o f  surface 

n iob ium oxide  over layers  is ut i l ized in V 2 0 5 / N b 2 O s /  

TiO2 catalysts  for NO,.  emiss ions  cont ro l  f rom sta- 

t ionary  sources [ 18 ]. 

4. Conclusions 

The  in te rac t ion  o f  v a n a d i u m  ox ide  and  n i o b i u m  

oxide  with  A1203 and  TiO2 suppor ts  was e x a m i n e d  
with R a m a n  spectroscopy.  The  R a m a n  spectra  o f  the 

suppor t ed  meta l  ox ides  reveal  that  the s t rong inter-  

ac t ion  o f  the meta l  oxides  wi th  the  AlzO 3 and  TiO2 

suppor ts  results in the f o r m a t i o n  o f  t w o - d i m e n s i o n a l  

surface meta l  ox ide  overlayers .  The  over layers  pos- 

sess at least two dis t inc t ly  d i f ferent  surface meta l  ox- 
ide species, and thei r  re la t ive  concen t r a t i ons  vary  

with  surface coverage.  The  surface v a n a d i u m  ox ide  

over layers  are uns table  at high ca lc ina t ion  t emper -  
atures  and accelerate  the loss in surface area  o f  the 

A1203 and TiO2 supports .  The  surface v a n a d i u m  ox- 

ide over laye r  t r ans fo rmed  to crysta l l ine  V:Os  on 

A1203 and  to V,Ti~_~O2 ( ru t i l e )  solid so lu t ion  on 

TiO2 at e leva ted  t empera tu res .  The  surface n i o b i u m  

oxide  over layers  are stable to high ca lc ina t ion  tern- 

pera tures  and re tard  the loss in surface area o f  the 

A1203 and TiO2 suppor ts  and solid state t ransfor-  

mat ions .  The  surface n i o b i u m  oxide  is also found  to 

s tabi l ize  the unstable  surface v a n a d i u m  oxide  ov-  

er layer  in m i x e d  V 2 O s / N b z O s / T i O ~ _ .  
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