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A series of metal oxides were deposited on the 
surface of different oxide supports to study the 
surface oxide - support interactions. The 
dehydrated Raman spectra of the supported metal 
oxide catalysts reveal the presence and 
structure of the supported metal oxide phases. 
The same surface metal oxide species were found 
on the different oxide supports for each of the 
supported metal oxide systems. The reactivity of 
the surface metal oxide species, however, 
depends on the specific oxide support 
(TiO 2~ZrO 2>Nb 2O 5>Al 2O 3~SiO 2). For a given oxide 
support, the reactivity depends on the specific 
surface metal oxide species (e.g. VOx > MoOy). 
The redox activation energy for a l l the surface 
metal oxide phases l ie in the range of 18-22 
kcal/mole. The similar activation energies 
suggests that the number of active sites and/or 
the activity per site is responsible for the 
difference in reactivity. The redox TON for the 
methanol oxidation reaction correlates with the 
reduction temperature during TPR experiments, 
which suggests that the bridging M-O-Support 
bond controls the activity during redox 
reactions. 

Supported metal oxide catalysts are formed when one 
metal oxide component ( i . e . , Re2O7, CrO 3, MoO3, WO3, V 2 O 5 , 
Nb2O5, etc.) , the supported metal oxide phase, is 
deposited on a second metal oxide substrate ( i . e . , A l 2 O 3 , 
T iO 2 , SiO 2 , etc.) , the oxide support [1]. The supported 
metal oxide phase is present on the oxide support as a 
surface metal oxide species. The reactivity of these 
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32 CATALYTIC SELECTIVE OXIDATION 

supported metal oxide c a t a l y s t s have been i n t e n s i v e l y -
i n v e s t i g a t e d over the past decade i n numerous c a t a l y t i c 
a p p l i c a t i o n s and the main emphasis has been t o r e l a t e 
the r e a c t i v i t y with the s t r u c t u r e of the s u r f a c e metal 
oxide s p e c i e s [1,2] . In determining the s t r u c t u r e of 
these s u r f a c e metal oxide s p e c i e s Raman spectr o s c o p y has 
proven t o be i n d i s p e n s a b l e because of the a b i l i t y of 
Raman spectroscopy t o d i s c r i m i n a t e between d i f f e r e n t 
metal oxide s p e c i e s t h a t may s i m u l t a n e o u s l y be present 
i n the c a t a l y s t . The r e a c t i v i t y s t u d i e s have 
demonstrated t h a t these s u r f a c e metal oxide s p e c i e s are 
the a c t i v e s i t e s f o r many c a t a l y t i c r e a c t i o n s [3] . The 
combined s t r u c t u r a l and r e a c t i v i t y i n f o r m a t i o n c u r r e n t l y 
a v a i l a b l e about these oxide c a t a l y s t s i s be g i n n i n g t o 
allow us t o develop an understanding of the s u r f a c e 
oxide support i n t e r a c t i o n s and t o apply t h i s knowledge 
f o r the molecular design of supported metal oxide 
c a t a l y s t s . 

The molecular design of supported metal oxide 
c a t a l y s t s r e q u i r e s t h a t we s p e c i f y the s y n t h e s i s method, 
oxide support, c a t a l y s t composition, c a l c i n a t i o n 
temperature, l o c a t i o n of the s u r f a c e metal oxide 
s p e c i e s , as w e l l as i t s r e a c t i v i t y . Consequently, the 
i n f l u e n c e of each of the above parameters upon the 
s t r u c t u r e and c a t a l y t i c p r o p e r t i e s of supported metal 
oxide c a t a l y s t s needs t o be examined. The present study 
p r i m a r i l y f o c u s e s on the molecular d e s i g n a s p e c t s of 
supported vanadium oxide c a t a l y s t s because these 
c a t a l y s t s c o n s t i t u t e a very important c l a s s of 
heterogeneous oxide c a t a l y s t s . However, comparison with 
other supported metal oxide systems (Mo0 3, Re 20 7,and 
Cr0 3) w i l l a l s o be made. 

Experimental 

The oxide supports employed i n the present study were: 
T i 0 2 (Degussa, -55 m^/g) , A1 20 3 (Harshaw, -180 m2/g) , 
S i 0 2 (Cabot, -300 m2/g) , Z r 0 2 (Degussa, -39 m2/g) and 
N b 2 ^ 5 (Niobium Products Co., —50 m2/g) . Many d i f f e r e n t 
s y n t h e s i s methods have been used t o prepare supported 
metal oxide c a t a l y s t s . In the case of supported vanadium 
oxide c a t a l y s t s , the c a t a l y s t s were prepared by vapor 
phase g r a f t i n g with V0C1 3, nonaqueous impregnation 
(vanadium a l k o x i d e s ) , aqueous impregnation (vanadium 
o x a l a t e ) , as w e l l as spontaneous d i s p e r s i o n with 
c r y s t a l l i n e V 20 5 [4]. No d r a s t i c r e d u c t i o n of s u r f a c e 
a r e a of the c a t a l y s t s was observed. 

S t r u c t u r a l c h a r a c t e r i z a t i o n of the s u r f a c e metal 
oxide s p e c i e s was obtained by l a s e r Raman spectr o s c o p y 
under ambient and dehydrated c o n d i t i o n s . The l a s e r Raman 
spectroscope c o n s i s t s of a S p e c t r a P h y s i c s A r + l a s e r 
producing 1-100 mW of power measured at the sample. The 
s c a t t e r e d r a d i a t i o n was focused i n t o a Spex T r i p l e m a t e 
spectrometer coupled t o a P r i n c e t o n A p p l i e d Research 0ΜΑ 
III o p t i c a l multichannel a n a l y z e r . About 100-200 mg of 
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3. DEOANDWACHS Surface Oxide-Support Interactions 33 

the pure c a t a l y s t s were p e l l e t i z e d and used f o r 
o b t a i n i n g the Raman s p e c t r a i n the dehydrated mode. For 
ambient s p e c t r a 5-20 mg of c a t a l y s t s was p l a c e d on a KBr 
backing. 

The supported metal oxide c a t a l y s t s were examined f o r 
t h e i r r e a c t i v i t y i n the methanol o x i d a t i o n r e a c t i o n . The 
r e a c t o r was operated u s i n g m i l l i g r a m amounts of 
c a t a l y s t s t h a t provide d i f f e r e n t i a l r e a c t i o n c o n d i t i o n s 
by keeping conversions below 10%. A 
methano1/oxygen/he1iurn mixture of ~6/13/81 (mole %) a t 1 
atm pressure was used as the r e a c t a n t gas f o r a l 1 the 
da t a presented. The a n a l y s i s was performed with an 
o n l i n e gas chromatograph (GC) (HP 5840A) c o n t a i n i n g two 
columns (Poropak R and Carbosieve SII) and two d e t e c t o r s 
(FID and TCD) . Reaction data at 230 °C are presented i n 
the form of tu r n o v e r number (TON) - d e f i n e d as the 
number of moles of methanol converted per mole of 
vanadium per second. The r e a c t i o n d a t a f o r some 
c a t a l y s t s were a l s o obtained at 200, 230, and 240 'C t o 
c a l c u l a t e the a c t i v a t i o n energy and check f o r 
d i f f u s i o n a l l i m i t a t i o n s i n the r e a c t o r . No mass and heat 
t r a n s f e r l i m i t a t i o n s were observed. 

R e s u l t s and D i s c u s s i o n 

The vanadium oxide s p e c i e s i s formed on the s u r f a c e of 
the oxide support d u r i n g the p r e p a r a t i o n of supported 
vanadium oxide c a t a l y s t s . T h i s i s e v i d e n t by the 
consumption of s u r f a c e hydroxyIs (OH) [5] and the 
s t r u c t u r a l t r a n s f o r m a t i o n of the supported metal oxide 
phase t h a t takes p l a c e d u r i n g h y d r a t i o n - d e h y d r a t i o n 
s t u d i e s and chemisorption of r e a c t a n t gas molecules [6]. 
Recently, a number of s t u d i e s have shown t h a t the 
s t r u c t u r e of the s u r f a c e vanadium oxide s p e c i e s depends 
on the s p e c i f i c c o n d i t i o n s t h a t they are observed under. 
For example, under ambient c o n d i t i o n s the s u r f a c e of the 
oxide supports possesses a t h i n l a y e r of moisture which 
p r o v i d e s an aqueous environment of a c e r t a i n pH at p o i n t 
of zero charge (pH at pzc) f o r the s u r f a c e vanadium 
oxide s p e c i e s and c o n t r o l s the s t r u c t u r e of the vanadium 
oxide phase [7] . Under r e a c t i o n c o n d i t i o n s (300-500 °C) , 
moisture desorbs from the s u r f a c e of the oxide support 
and the vanadium oxide s p e c i e s i s f o r c e d t o d i r e c t l y 
i n t e r a c t with the oxide support which r e s u l t s i n a 
d i f f e r e n t s t r u c t u r e [8] . These s t r u c t u r a l 
t r a n s f o r m a t i o n s t a k i n g place d u r i n g h y d r a t i o n and 
deh y d r a t i o n c o n d i t i o n s of the oxide support suggest t h a t 
the c o r r e l a t i o n of the s t r u c t u r e - r e a c t i v i t y d a t a 
should be performed with the s t r u c t u r a l d a t a o b t a i n e d 
under dehydration c o n d i t i o n s , and c o r r e l a t i n g such 
s t r u c t u r a l i n f o r m a t i o n with the r e a c t i v i t y d ata. 

A s e r i e s of ~ 1 % ^2^5 c a t a l y s t s was prepared by non 
aqueous impregnation of vanadium t r i - i s o p r o p o x i d e oxide 
( f i n a l c a l c i n a t i o n in oxygen at 450/500 °C) i n order t o 
i n v e s t i g a t e the i n f l u e n c e of d i f f e r e n t oxide supports 
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34 CATALYTIC SELECTIVE OXIDATION 

upon the dehydrated molecular s t r u c t u r e and r e a c t i v i t y 
of the s u r f a c e vanadium oxide s p e c i e s . Under ambient 
c o n d i t i o n s Raman bands due t o orthovanadate, 
pyrovanadate, metavanadate, and decavanadate s p e c i e s are 
observed. Assignments of the Raman bands t o the 
d i f f e r e n t s p e c i e s are made elsewhere [7, 9] . At these 
s u r f a c e coverages a s i n g l e s u r f a c e vanadium oxide 
s p e c i e s i s predominantly present on the d i f f e r e n t oxide 
supports as i s evident by the presence of a dominant 
1015-1039 cm"1 band i n the dehydrated Raman s p e c t r a and 
p o t e n t i a l c o m p l i c a t i o n due t o a d d i t i o n a l s u r f a c e 
vanadium oxide s p e c i e s are e l i m i n a t e d . The dehydrated 
Raman band due t o the V=0 bond was found t o v a r y from 
1015-1039 cm"1 as a f u n c t i o n of the d i f f e r e n t oxide 
supports as shown i n F i g u r e 1. The s l i g h t d i f f e r e n c e i n 
band p o s i t i o n i s due t o s l i g h t l y d i f f e r e n t V=0 bond 
lengths of the i s o l a t e d s u r f a c e vanadium oxide s p e c i e s 
on the d i f f e r e n t oxide supports and c o r r e l a t e s with the 
d i f f e r e n t oxygen c o o r d i n a t i o n of the oxide supports. The 
Raman s p e c t r a r e v e a l t h a t e s s e n t i a l l y the same s u r f a c e 
vanadium oxide s p e c i e s i s present on a l l the d i f f e r e n t 
oxide supports. T h i s s u r f a c e vanadium oxide s p e c i e s i s 
d e s c r i b e d as a d i s t o r t e d f o u r c o o r d i n a t e d s p e c i e s 
p o s s e s s i n g a s i n g l e t e r m i n a l bond (V=0) and t h r e e bonds 
t o the support (V-O-S) . The s°ame c o n c l u s i o n i s reached 
from s o l i d s t a t e 5 1V NMR s t u d i e s of these c a t a l y s t s [ 9]. 
Low s u r f a c e coverages, — 1 % metal oxide, of supported 
molybdenum oxide (Mo0 3) [10] , rhenium oxide (Re 20 7) 
[11,12], and chromium oxide (Cr0 3) [11,12] a l s o i n d i c a t e 
the presence of a s i n g l e s u r f a c e metal oxide s p e c i e s . 
The s i m i l a r Raman band p o s i t i o n s of the supported 
vanadium-oxygen (V=0) s t r e t c h i n g frequency d u r i n g 
dehydrated c o n d i t i o n s are given i n Table I. In a d d i t i o n , 
the s t r u c t u r a l t r a n s f o r m a t i o n t a k i n g p l a c e due t o 
dehydration i s observed by comparing columns 2 and 3 of 
Table I. Thus, at low coverages the dehydrated s u r f a c e 
vanadium oxide and r e l a t e d metal oxide molecular 
s t r u c t u r e s (Re 207, C r 0 3 , and Mo03) are independent of the 
s p e c i f i c oxide support. 

Table I. Dehydrated Raman band p o s i t i o n f o r the V=0 
t e r m i n a l s t r e t c h i n g v i b r a t i o n s f o r 1% V 2 0 5 on d i f f e r e n t 
oxide supports along with the h i g h e s t ambient Raman band 

p o s i t i o n 

Oxide 
Support 

V=0 band (cm - 1) 
dehydrated c o n d i t i o n s 

Highest band (cm"1) 
ambient c o n d i t i o n s 

S i 0 2 1039 1000 
Nb 20 5 1031 970-980 
T i 0 2 1027 940-950 
Z r 0 2 1024 960 
Α1 90* 1015 920-930 
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3. DEOANDWACHS Surface Oxide-Support Interactions 35 

The r e a c t i v i t y of the s u r f a c e vanadium oxide s p e c i e s 
( — 17c V2O5) on "the d i f f e r e n t oxide supports was probed by 
the methanol o x i d a t i o n r e a c t i o n . The methanol o x i d a t i o n 
r e a c t i o n i s v e r y s e n s i t i v e t o the nature of s u r f a c e 
s i t e s p r esent. Surface redox s i t e s form formaldehyde, 
methyl formate, and dimethoxy methane as the r e a c t i o n 
p roducts. Formaldehyde being formed as the f i r s t 
o x i d a t i o n product from the methoxy i n t e r m e d i a t e . 
Subsequent r e a c t i o n s of the methoxy int e r m e d i a t e 
produces methyl formate and dimethoxy methane. Surface 
a c i d s i t e s , Lewis as we l l as Bronsted, r e s u l t i n the 
fo r m a t i o n of dimethyl e t h e r . Surface b a s i c s i t e s y i e l d 
C0/C0 2 as the r e a c t i o n products [9] . For a l l the 
supported vanadium oxide c a t a l y s t s , with the e x c e p t i o n 
of alumina, the s u r f a c e vanadia redox s i t e s produced 
formaldehyde almost e x c l u s i v e l y . On alumina, o n l y a 
t r a c e of formaldehyde was formed because the s u r f a c e 
a c i d s i t e s produced dimethyl e t h e r . Thus, f o r the 
V2O5/AI2O3 system the formaldehyde produced was taken as 
r e p r e s e n t a t i v e of the r e a c t i v i t y of the s u r f a c e v a n a d i a 
redox s i t e s . The r e a c t i v i t y of the s u r f a c e v a n a d i a 
s p e c i e s on d i f f e r e n t oxide supports was found t o depend 
d r a m a t i c a l l y on the s p e c i f i c oxide support as shown i n 
Table I I . As the support was changed from s i l i c a t o 
z i r c o n i a the tu r n o v e r number (TON) f o r the s u r f a c e 
vanadium oxide s p e c i e s was found t o i n c r e a s e by t h r e e 
o r d e r s of magnitude. S i m i l a r t r e n d s were a l s o observed 
f o r supported molybdenum oxide [10], rhenium oxide [12], 
and chromium oxide [12] . 

Table I I . The TON and s e l e c t i v i t y t o formaldehyde f o r 
the methanol o x i d a t i o n r e a c t i o n on v a r i o u s 1% supported 

vanadium oxide c a t a l y s t s 

Oxide TON (sec - 1) S e l e c t i v i t y t o HCHO ( 7o ) 
Support 

S i 0 2 2.0*10"3 -80 
A1 20 3 2.0*10~2 <1 
Nb 20 5 7.0*10 _ 1 -94 
T i 0 2 1.8*10° -98 
Z r 0 2 2.3*10° -96 

The r e a c t i v i t y of the supported vanadium oxide 
c a t a l y s t s f o r other o x i d a t i o n r e a c t i o n s a l s o show 
s i m i l a r t r e n d s as the oxide support i s v a r i e d from 
t i t a n i a t o s i l i c a [13]. The a c t i v i t y and s e l e c t i v i t y f o r 
p a r t i a l o x i d a t i o n products of vanadium oxide supported 
on t i t a n i a b eing higher than vanadium oxide supported on 
s i l i c a . The o x i d a t i o n a c t i v i t y of the supported vanadium 
oxide c a t a l y s t s i s r e l a t e d t o the a b i l i t y t o donate 
oxygen t o form the r e q u i r e d o x i d a t i o n products. The 
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36 CATALYTIC SELECTIVE OXIDATION 

o r i g i n of t h i s support e f f e c t i s e i t h e r due t o 
d i f f e r e n c e s i n the t e r m i n a l V=0 bond or the b r i d g i n g V-
O-Support bond. Many p u b l i c a t i o n s have proposed t h a t the 
t e r m i n a l bond i s r e s p o n s i b l e f o r c a t a l y s i s and i t s 
a c t i v i t y i s d i r e c t l y r e l a t e d t o the V=0 bond s t r e n g t h 
[14] . However, comparison of the Raman p o s i t i o n of the 
V=0 bond ( s h o r t e r bond corresponds t o h i g h e r Raman 
p o s i t i o n ) from Table I and TON value f o r the d i f f e r e n t 
supported vanadium oxide c a t a l y s t s from Table II shows 
t h a t no r e l a t i o n s h i p e x i s t s between the bond s t r e n g t h 
and a c t i v i t y . A more e l a b o r a t e a n a l y s i s of the TON 
v e r s u s bond s t r e n g t h f o r v a r i o u s supported metal oxide 
c a t a l y s t s are performed elsewhere [15] . A more p l a u s i b l e 
c o n c l u s i o n i s t h a t the r e a c t i v i t y i s r e l a t e d t o the 
b r i d g i n g V-O-Support bond s i n c e the oxide support has a 
v e r y s i g n i f i c a n t e f f e c t on the r e a c t i v i t y . The t r e n d i n 
r e a c t i v i t y with s p e c i f i c oxide support appears t o be 
r e l a t e d t o the s u r f a c e r e d u c i b i l i t y of the oxide 
supports. The more r e d u c i b l e oxide supports ( T i 0 2 , Z r 0 2 , 
and Nb 20 5) always e x h i b i t v e r y high TON while the 
i r r e d u c i b l e oxide supports (A1 20 3 and S i 0 2 ) always 
e x h i b i t v e r y low TON [16]. In a d d i t i o n , the importance 
of the M-O-Support bond d u r i n g the methanol o x i d a t i o n 
r e a c t i o n suggests t h a t the r e a c t i v i t y should a l s o be a 
f u n c t i o n of the s p e c i f i c supported metal oxide s p e c i e s . 
Indeed, supported molybdenum oxide c a t a l y s t s are about 
one order of magnitude l e s s r e a c t i v e than supported 
vanadia c a t a l y s t s . 

A d d i t i o n a l i n f o r m a t i o n about the r e a c t i v i t y was 
obtained by determining the k i n e t i c parameters d u r i n g 
methanol o x i d a t i o n f o r vanadia, molybdena, r h e n i a , and 
chromia on d i f f e r e n t oxide supports. For a l l these 
systems the a c t i v a t i o n energy i s approximately the same, 
18-22 kcal/mol. The a c t i v a t i o n energy corresponds t o 
t h a t expected f o r the breaking of the C-H bond of a 
s u r f a c e methoxide intermediate, C H 3 0 a c j s , and should be 
independent of the s p e c i f i c c a t a l y s t [17]. The pre-
e x p o n e n t i a l f a c t o r s , however, var y by o r d e r s of 
magnitude as the oxide support i s v a r i e d . The s i m i l a r 
s t r u c t u r e s of the supported metal oxide c a t a l y s t s 
suggests t h a t the d i f f e r e n c e i n p r e - e x p o n e n t i a l f a c t o r s 
i s r e l a t e d t o e i t h e r the number of a c t i v e s i t e s or the 
a c t i v i t y per s i t e . I r r e s p e c t i v e of the exact parameter 
t h a t a f f e c t s the p r e - e x p o n e n t i a l f a c t o r , i t i s shown 
here t h a t the oxide support has a l a r g e i n f l u e n c e on the 
r e a c t i v i t y of the s u r f a c e metal oxide s p e c i e s . 

To i n v e s t i g a t e the e f f e c t of the s y n t h e s i s method on 
the s t r u c t u r e - r e a c t i v i t y r e l a t i o n s h i p of the supported 
metal oxide c a t a l y s t s , a s e r i e s of V 2 0 5 / T i 0 2 c a t a l y s t s 
were s y n t h e s i z e d by e q u i l i b r i u m a d s o r p t i o n , vanadium 
o x a l a t e , vanadium a l k o x i d e s and vanadium o x y c h l o r i d e 
g r a f t i n g [14]. The dehydrated Raman s p e c t r a of a l l these 
c a t a l y s t s e x h i b i t a sharp band at —1030 cm"1 

c h a r a c t e r i s t i c of the i s o l a t e d s u r f a c e vanadium oxide 
s p e c i e s d e s c r i b e d p r e v i o u s l y . R e a c t i v i t y s t u d i e s with 
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methanol o x i d a t i o n e x h i b i t e d s i m i l a r t u r n o v e r numbers. 
Thus, the s y n t h e s i s method does not a f f e c t the f i n a l 
s t r u c t u r e or r e a c t i v i t y of the s u r f a c e vanadium oxide 
s p e c i e s on t i t a n i a . S i m i l a r c o n c l u s i o n s were a l s o found 
f o r molybdenum oxide supported on t i t a n i a [14], s i l i c a 
[18] , and alumina [18] . Consequently, the p r e p a r a t i o n 
method i s not a c r i t i c a l parameter t o c o n s i d e r f o r the 
des i g n of supported metal oxide c a t a l y s t s . However, care 
must be taken t o form the s u r f a c e metal oxide phase 
without d e s t r o y i n g the oxide support or i n t r o d u c i n g 
extraneous i m p u r i t i e s d u r i n g p r e p a r a t i o n . 

To study the e f f e c t of l o a d i n g , v a r i o u s amounts of 
vana d i a were d e p o s i t e d on the t i t a n i a support. The Raman 
s p e c t r a of t i t a n i a supported vanadia c a t a l y s t s as a 
f u n c t i o n of vanadia l o a d i n g r e v e a l the presence of t h r e e 
d i f f e r e n t v a n adia s p e c i e s on the T i 0 2 support under 
de h y d r a t i o n c o n d i t i o n s as shown i n F i g u r e 2. At low 
lo a d i n g s ( — 1% V 20 5) , a s i n g l e sharp band i s present at 
—1027 cm"1 which i s assigned t o an i s o l a t e d t e t r a h e d r a l 
c o o r d i n a t e d s u r f a c e vanadium oxide s p e c i e s c o n t a i n i n g 
one t e r m i n a l V=0 bond and th r e e b r i d g i n g V-0-Ti bonds 
[19] . At intermediate l o a d i n g s (2-5% V 20 5) , a second band 
i s present at 920-930 cm"1 which has been assigned t o a 
polymerized, t e t r a h e d r a l c o o r d i n a t e d s u r f a c e vanadium 
oxide s p e c i e s [19] i n a d d i t i o n t o the f i r s t band at 
-1030 cm'1. At high l o a d i n g s (>6% V 20 5) , a t h i r d sharp 
band i s present at 994 cm"1 due t o c r y s t a l l i n e V 2 0 5 which 
i n d i c a t e s t h a t the close-packed s u r f a c e vanadium oxide 
monolayer has been formed and a l l the r e a c t i v e s u r f a c e 
hydroxyIs consumed. The f i r s t two bands are a l s o present 
at high l o a d i n g s . S i m i l a r t r e n d s i n Raman bands are a l s o 
observed f o r vanadium oxide supported z i r c o n i a , n i o b i a , 
alumina, and s i l i c a and the for m a t i o n of m o l e c u l a r l y 
d i s p e r s e d vanadium oxide s p e c i e s always preceeds the 
for m a t i o n of c r y s t a l l i n e ^2^5' Thus, the c a t a l y s t 
composition i s a c r i t i c a l parameter s i n c e i t i n f l u e n c e s 
the f o r m a t i o n of d i f f e r e n t vanadium oxide s t r u c t u r e s . 

The r e a c t i v i t y of the t i t a n i a supported vanadium 
oxide c a t a l y s t s was probed by the methanol o x i d a t i o n 
r e a c t i o n . The o x i d a t i o n of methanol over the t i t a n i a 
supported vanadia c a t a l y s t s e x c l u s i v e l y y i e l d e d 
formaldehyde, 95%+, as the r e a c t i o n product. The t i t a n i a 
support i n the absence of s u r f a c e v a n a d i a y i e l d e d 
dimethyl e t h e r and t r a c e amounts of C0 2. The almost 
complete f o r m a t i o n of formaldehyde demonstrates t h a t the 
r e a c t i v i t y of the t i t a n i a supported vanadia c a t a l y s t s i s 
due t o the s u r f a c e vanadia redox s i t e s . The t u r n o v e r 
numbers of the v a r i o u s vanadia t i t a n i a c a t a l y s t s are 
presented i n Table III as a f u n c t i o n of the van a d i a 
l o a d i n g . The TON i n c r e a s e s somewhat with i n i t i a l s u r f a c e 
vanadium oxide coverage, and decreases s l i g h t l y a t 
s u r f a c e coverages approaching and exceeding monolayer 
coverage. Note t h a t the TON of bulk V 2 0 5 [16] i s two 
ord e r s of magnitude l e s s than the t i t a n i a supported 
v a n a d i a c a t a l y s t s i n d i c a t i n g t h a t c r y s t a l l i n e V 2 0 5 i s 
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s i g n i f i c a n t l y l e s s a c t i v e than s u r f a c e v a n a d i a s p e c i e s . 
The s l i g h t i n c r e a s e i n TON with i n c r e a s i n g s u r f a c e 
coverage i s not r e l a t e d t o the presence of the 
polymerized s u r f a c e vanadia s p e c i e s (Raman band a t 920-
930 cm"1) as the Raman a s s o c i a t e d with the polymerized 
s p e c i e s i n c r e a s e s c o n t i n u o u s l y up t o monolayer coverages 
and the t u r n o v e r numbers are comparable. S i m i l a r 
coverage e f f e c t s were a l s o observed f o r vanadium oxide 
supported on z i r c o n i a , alumina, and n i o b i a c a t a l y s t s , as 
w e l l as f o r supported rhenium oxide [11] > molybdenum 
oxide [10] and chromium oxide c a t a l y s t s [12] . Thus, the 
r e a c t i v i t y of the s u r f a c e vanadium oxide s p e c i e s 
e s s e n t i a l l y does not depend on the s u r f a c e coverage. 

Table I I I . The TON of V 2 0 5 / T i 0 2 c a t a l y s t s as a f u n c t i o n 
of l o a d i n g 

wt .7o V 2 0 5 / T i 0 2 T.O.N, (sec - 1 ) 

0.5 1 , .0 
1.0 2 .0 
2.0 2 .7 
3.0 1 , .6 
4.0 1 , .5 
5.0 1 , .3 
6.0 1 , . 1 
7.0 1 , .2 
bulk V 20 5 0 .022 

The nature of the supported vanadium oxide phase i s 
i n f l u e n c e d by the c a l c i n a t i o n temperature. Moderate 
c a l c i n a t i o n temperatures, 350-500 °C, are r e q u i r e d t o 
decompose the metal oxide p r e c u r s o r s ( o x a l a t e s , 
a l k o x i d e s , o x y c h l o r i d e s , e t c.) t o form the s u r f a c e 
vanadium oxide s p e c i e s [20] . I n s u f f i c i e n t c a l c i n a t i o n 
temperatures do not completely decompose the p r e c u r s o r s 
and, consequently, the p r e c u r s o r s do not r e a c t with the 
s u r f a c e hydroxyIs t o form the s u r f a c e metal oxide 
s p e c i e s . However, high c a l c i n a t i o n temperatures, g r e a t e r 
than 600 eC, can r e s u l t i n s h r i n k i n g of the s u r f a c e a r e a 
of the oxide support and d e c r e a s i n g the a v a i l a b l e 
s u r f a c e a r ea f o r the s u r f a c e metal oxide s p e c i e s . 
Consequently, high c a l c i n a t i o n temperatures i n c r e a s e the 
s u r f a c e coverage of the metal oxide s p e c i e s and, i n 
severe cases, d e s t r o y the s u r f a c e metal oxide phase and 
form c r y s t a l l i n e V 20 5 or s o l i d s t a t e s o l u t i o n s [7,20]. 
Thus, c a l c i n a t i o n temperature i s an important parameter 
t h a t c o n t r o l s the a c t i v a t i o n and d e a c t i v a t i o n of 
supported metal oxide c a t a l y s t s . However, supported 
metal oxide c a t a l y s t s are t y p i c a l l y prepared by 
c a l c i n i n g at 400-500 °C which would e l i m i n a t e problems 
with c a t a l y s t a c t i v a t i o n and d e a c t i v a t i o n . 
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T y p i c a l l y , the p r o p e r t i e s of supported metal oxide 
c a t a l y s t s are mod i f i e d by the a d d i t i o n of promoters. To 
examine the i n f l u e n c e of promoters, a s e r i e s of 
promoters (tungsten oxide, niobium oxide, s i l i c a , 
potassium oxide and phosphorous oxide) were added t o a 
17c V 20 5/Ti02 c a t a l y s t . The i n f l u e n c e of the d i f f e r e n t 
promoters upon the s t r u c t u r e of the s u r f a c e vanadium 
oxide s p e c i e s was examined with Raman spectr o s c o p y and 
the r e s u l t s are presented i n Table IV. The a d d i t i o n of 
monolayer amounts of tungsten oxide and niobium oxide t o 
17c V 2 0 5 / T i 0 2 c a t a l y s t s show s i m i l a r e f f e c t s observed as 
the vanadium oxide l o a d i n g i s in c r e a s e d , namely, the 
appearance of the Raman band at 920-930 cm"1. Monolayer 
amounts of s i l i c a on p r e v i o u s l y prepared 1% V 2 0 5 / T i 0 2 

shows the presence of a s i n g l e band at 1024 cm"1. In any 
case the major Raman band i s at 1024-1031 cm"1 i n d i c a t i n g 
t h a t the vanadium oxide s p e c i e s before and a f t e r 
a d d i t i o n of tungsten oxide, niobium oxide, and s i l i c a 
are s t r u c t u r a l l y s i m i l a r . However, the a d d i t i o n of 
potassium oxide and phosphorous oxide had a s i g n i f i c a n t 
e f f e c t on the s t r u c t u r e of the s u r f a c e v a n a d i a s p e c i e s . 
The a d d i t i o n of potassium oxide decreased the p o s i t i o n 
of the Raman band (corresponding t o an i n c r e a s e i n V=0 
bond l e n g t h ) , and the a d d i t i o n of phosphorous oxide 
r e s u l t e d i n the formation of c r y s t a l l i n e V0P0 4 (major 
Raman bands at 1038 and 928 cm"1 i n the 700-1200 cm'1 

r e g i o n ) . The n o n - i n t e r a c t i n g promoters (oxides of W, Nb, 
and S i ) d i d not a f f e c t the a c t i v i t y or s e l e c t i v i t y of 
the 17c V 2 0 5 / T i 0 2 c a t a l y s t . However, the i n t e r a c t i n g 
promoters (potassium oxide and phosphorous oxide) 
s i g n i f i c a n t l y reduced the TON. Thus, promoters t h a t 
p r e f e r e n t i a l l y c o o r d i n a t e t o the oxide support (tungsten 
oxide, niobium oxide and s i l i c a ) do not a f f e c t the 
s t r u c t u r e or r e a c t i v i t y of the s u r f a c e vanadium oxide 
s p e c i e s , whereas, promoters t h a t c o o r d i n a t e with the 
su r f a c e vanadia s i t e (phosphorous and potassium) 
i n f l u e n c e the s t r u c t u r e and r e a c t i v i t y of the s u r f a c e 
vanadia s p e c i e s . 

Table IV. Raman band p o s i t i o n f o r promoters on 
17c V 9 0 5 / T i 0 9 

Promoters on Raman band p o s i t i o n s 
17c V 2 0 5 / T i 0 2 (700-1200 cm'1) r e g i o n 

None 
67c Nb 20 5 

37c S i 0 2 

77c W03 

0.37c K 20 
0.77c K 20 
57c P 90s 

1027 
1031, 928 
1024 
1031, 925 
1023, 997 
1009, 980 
1035, 925 
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C o n c l u s i o n s 

The above d i s c u s s i o n demonstrates t h a t i t i s p o s s i b l e t o 
m o l e c u l a r l y d e s i g n supported metal oxide c a t a l y s t s with 
knowledge of the s u r f a c e oxide - support i n t e r a c t i o n s 
made p o s s i b l e by the a s s i s t a n c e of c h a r a c t e r i z a t i o n 
methods such as Raman spectroscopy and the methanol 
o x i d a t i o n r e a c t i o n . The formation and l o c a t i o n of the 
s u r f a c e metal oxide s p e c i e s are c o n t r o l l e d by the 
s u r f a c e hydroxy1 chemistry, and the s u r f a c e metal oxide 
s p e c i e s are l o c a t e d i n the outermost l a y e r of the 
c a t a l y s t s as an o v e r l a y e r . The s p e c i f i c oxide support i s 
a c r i t i c a l parameter s i n c e i t d r a m a t i c a l l y a f f e c t s the 
r e a c t i v i t y of the s u r f a c e metal oxide s p e c i e s , even 
though the s u r f a c e metal oxide s t r u c t u r e i s independent 
of the s p e c i f i c oxide support. The c a t a l y s t composition 
i s a c r i t i c a l parameter s i n c e i t a f f e c t s the presence of 
d i f f e r e n t metal oxide s p e c i e s ( i s o l a t e d s u r f a c e s p e c i e s , 
polymerized s u r f a c e s p e c i e s , and c r y s t a l l i n e phases), 
and the r e a c t i v i t y , TON, i s s i m i l a r f o r s u r f a c e metal 
oxide coverage. The p r e p a r a t i o n method i s not a c r i t i c a l 
parameter s i n c e i t does not i n f l u e n c e the s t r u c t u r e or 
r e a c t i v i t y of the s u r f a c e metal oxide s p e c i e s . 
C a l c i n a t i o n temperature i s an important parameter t h a t 
c o n t r o l s a c t i v a t i o n and d e a c t i v a t i o n of supported metal 
oxide c a t a l y s t s , but c a l c i n a t i o n temperature i s not 
c r i t i c a l i f moderate temperatures, 350-450 °C, are used. 
A d d i t i v e s t h a t i n t e r a c t with the oxide support do not 
i n f l u e n c e the s t r u c t u r e and r e a c t i v i t y of the s u r f a c e 
metal oxide s p e c i e s . However, a d d i t i v e s t h a t i n t e r a c t 
with the s u r f a c e metal oxide do i n f l u e n c e the p r o p e r t i e s 
of the s u r f a c e metal oxide s p e c i e s . In summary, the 
c r i t i c a l parameters t h a t a f f e c t the c a t a l y t i c p r o p e r t i e s 
are the s p e c i f i c oxide support, c a t a l y s t composition 
(type of a d d i t i v e s ) and s u r f a c e metal oxide coverage. 
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