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Supported on Alumina 
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The molecular state of vanadium oxide 
supported on different alumina phases (γ , δ-

θ, and α) was investigated with Raman 
spectroscopy. The supported vanadium oxide 
was found to form a molecularly dispersed 
overlayer on the different alumina phases. 
The molecular state of the surface vanadium 
oxide phase, however, was dependent on the 
nature of the alumina support. This 
variation was primarily due to the presence 
of surface impurities, in particular sodium 
oxide. The surface sodium oxide content was 
found to increase with the calcination 
temperature required to form the different 
transitional alumina phases (α, δ-θ, γ). The 
surface vanadium oxide phase consists of 
polymeric tetrahedra and distorted octahedra 
on γ-Al2O3, monomeric tetrahedra and 
distorted octahedra on δ,θ-Al2O3, and 
monomeric tetrahedra on α-Αl2O3. 

Recent studies of supported vanadium oxide catalysts 
have revealed that the vanadium oxide component i s 
present as a two-dimensional metal oxide overlayer on 
oxide supports (1). These surface vanadium oxide species 
are more selective than bulk, c r y s t a l l i n e V 2 0 5 for the 
pa r t i a l oxidation of hydrocarbons (2). The molecular 
structures of the surface vanadium oxide species, 
however, have not been resolved (1,3,4). A 
characterization technique that has provided important 
information and insight into the molecular structures of 
surface metal oxide species is Raman spectroscopy (2,5). 
The molecular structures of metal oxides can be 
determined from Raman spectroscopy through the use of 
group theory, polarization data, and comparison of the 
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318 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

Raman spectra with spectra of known molecular structures 
(6). 

In the present investigation, the interaction of 
vanadium oxide with different alumina phases (7, δ-θ, and 
or) i s examined with Raman spectroscopy. Comparison of 
the Raman spectra of the supported vanadium oxide 
catalysts with those obtained from vanadium oxide 
reference compounds allows for the structural assignment 
of these supported species. The present Raman data 
demonstrate that the molecular structures of the surface 
vanadium oxide phases are s i g n i f i c a n t l y influenced by 
the presence of surface impurities on the alumina 
supports and t h i s overshadows the influence, i f any, of 
the alumina substrate phase. 

EXPERIMENTAL 

The 7 phase (Harshaw, 180m2/gm) , δ,θ phase (Harshaw, 
120m2/gm) , and a phase (ALCOA, 9.5m2/gm) of A1 20 3 were 
used in t h i s study, δ ,0-Al2O3 was prepared by heating the 
star t i n g 7-Al 20 3 at 950°C in 0 2 · X-ray d i f f r a c t i o n was 
used to confirm the presence of the respective alumina 
phases. The vanadium oxide catalysts were prepared by 
incipient-wetness impregnation of vanadium t r i -
isopropoxide (Alfa) using methanol as the solvent. Due 
to the a i r and moisture sensitive nature of the alkoxide 
precursor, the catalysts were prepared and subsequently 
heated in N2 at 350°C. The catalysts were f i n a l l y 
calcined in 0 2 at 500°C for 16 hrs. A l l samples are noted 
as weight percent V 20 5/A1 20 3. Surface areas were measured 
with a Quantachrome BET apparatus using single point 
nitrogen adsorption. The arrangement of the laser Raman 
spectrometer has been described elsewhere (5,7). Surface 
impurities on different alumina phases were measured on 
a Model DS800 XPS surface analysis system manufactured 
by KRATOS Analytical Pic, Manchester UK. Specimens were 
prepared by pressing the different alumina phases 
between a stainless steel holder and a polished single 
crystal s i l i c o n wafer. Measurements were done at 5.10"9 

Torr with an hemisherical electron energy analyzer used 
fo r electron detection. Mg-Κα x-rays at a power of 360 W 
were employed in t h i s study and the data were collected 
in 0.75 eV segments for a to t a l of 1 hour. A pass energy 
of 80 eV was used f o r each of the specimens. The 
electron spectrometer was operated in the fixed analyzer 
transmission (FAT) mode. Elemental i d e n t i f i c a t i o n from 
each spectrum were done by comparing the measured peak 
energy to tabulated values and concentration estimates 
were made using ty p i c a l normalization procedures (8). 

RESULTS AND DISCUSSION 

The major vibrational region of interest in the Raman 
spectra of vanadium(V) oxide structures l i e s in the 
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29. DEO ET Raman Spectroscopy of Vanadium Oxide 319 

1200-100 cm"1 range. For vanadium oxide systems t h i s 
region can be primarily divided into three parts. The V-
0 terminal stretching which occurs at 770-1050 cm"1, the 
V-0-V stretching region at 500-800 cm"1, and the bending 
mode at 150-400 cm. Lattice vibrations of c r y s t a l l i n e 
compounds may be also present below 150 cm'1. 

Vanadium(V) Oxide Reference Compounds 

It i s known that under ambient conditions supported 
vanadium oxide exists as a +5 cation (9) . For t h i s 
reason the Raman spectra of some pentavalent vanadium 
oxide reference compounds were studied. The vanadium(V) 
oxide reference compounds can be primarily categorized 
as tetrahedral or octahedral compounds. The structures 
of these reference compounds have been previously 
determined and only a brief discussion w i l l be given 
here. Raman spectra of the vanadium(V) oxide reference 
compounds are shown in Figures 1-2. 

Spectra of tetrahedral vanadium(V) oxide compounds 
are shown in Figure 1 with di f f e r e n t degrees of 
polymerization of the monomeric VG4 unit. The Raman band 
associated with the terminal V-0 bond increases with 
increasing extent of polymerization : ~ 830 cm"1 for 
monomeric V04

3", ~ 880 cm'1 for dimeric V 20 7
4~ , and ~ 940 

cm"1 for a chain composed of V0 4 units. Due to the 
presence of V-0-V linkages in the dimeric and polymeric 
species the bond length of the bridging bonds increase 
which gives ri s e to a higher order of the terminal V-0 
bonds and consequently a higher frequency. The monomeric 
unit in Pb 5(V0 4) 3Cl gives rise to Raman bands at ~ 830 
cm'1 (symmetric stretch) , ~ 790 cm"1 (antisymmetric 
stretch), and bending modes at 320-350 cm'1. Distortions 
imposed on the V04

3" unit w i l l also increase the bond 
order and s h i f t the Raman band to higher frequencies. 
For example, A1V04 possesses three d i f f e r e n t , highly 
distorted monomeric V04

3" units, and the corresponding 
Raman spectrum exhibits a t r i p l e t in the 980-1020 cm 
region. The presence of V-0-V linkages i s readily 
i d e n t i f i e d with Raman spectroscopy since they give rise 
to new modes at 200-300 cm"1 (bending) , and 400-500 cm"1 

(symmetric stretch), and 600-800 cm"1 (antisymmetric 
stretch). The Raman spectra of tetrahedral vanadium 
oxide species in aqueous solution also have similar 
features (6). 

Spectra of octahedral vanadium(V) oxide compounds are 
presented in Figure 2. Undistorted vanadium(V) oxide 
compounds do not exist, and a l l vanadia octahedra are 
highly distorted, which give ri s e to short V-0 bonds. 
This i s reflected in the Raman band position f o r the 
distorted octahedral vanadium oxide compounds which 
always occur in the 900-1000 cm'1 region. The vanadia 
structure in ^ 2 ^ 5 approaches a square-pyramidal 
coordination and the individual vanadia are linked 
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320 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

τ 1 1 1 1 1 1 Γ 

!200 1000 800 600 400 200 

Raman shifts (cm"*) 

FIGURE 1.Raman Spectra of Tetrahedral Vanadium(V) 
Gxide Reference Compounds. 

τ ι ι ι ι ι ι ι ι r 
!200 1000 800 600 400 200 

Raman shifts (cm"*) 

FIGURE 2.Raman Spectra of Octahedral Vanadium(V) 
Oxide Reference Compounds. 
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29. D E O ET A L Raman Spectroscopy of Vanadium Oxide 321 

together to form i n f i n i t e sheets (10) . The short V-G 
bond in t h i s structure i s responsible f o r the band at 
997 cm"1 (10) . Many bands in the 200-800 region are due 
to the V-0-V linkages, and the strong band at ~ 144 cm"1 

arises from the l a t t i c e vibrations (11)· The 
decavanadate ion in Na6V10028.18H20 * s m a c l e up of three 
d i s t i n c t l y different and distorted vanadia octahedra 
(12). Two of the vanadia octahedra approach a square-
pyramidal coordination and the t h i r d has two short 
bonds c i s to each other. The presence of three types of 
terminal V-0 bonds in the decavanadate ion can be seen 
from the Raman spectra which give rise to strong bands 
at ~ 1000, 966 and 954 cm'1. Due to the presence of 
numerous V-0-V linkages in the decavanadate structure, a 
number of strong Raman bands in the V-0-V bending (150-
300 cm"1) and V-G-V stretching (500-800 cm"1) regions are 
present. The vanadia octahedral ion present in ZnV 20 6 is 
not as distorted as those found in V 20 5 and 
Na 6V 1 00 2 8.18H 20 and consequently exhibits a strong 
stretching band at 910-920 cm"1 (13). Numerous V-0-V 
associated bands are also present in the 150-800 cm"1 

region. 

The Alumina Supports 

The Raman spectra of 7, δ,Θ, and a-Al 2G 3 are shown in 
Figure 3. For 7-Al 20 3 there are no Raman bands in the 
150-1200 cm'1 region. For ό,0-Α12Ο3 several Raman bands 
are observed: two bands of medium intensity at ~ 837 and 

753 cm"1, and a strong band at ~ 251 cm"1. The a phase 
of A1 2G 3 possesses Raman bands at 742, 631, 577, 416, and 
378 cm'1. The surface compositions of the alumina 
supports were determined by X-ray Photoelectron 
Spectroscopy and are shown in Table I. In addition to 
the impurities present on 7-Α1 20 3, δ,Θ and α-Α1 20 3 show 
the presence of sodium and flourine ions. These 
impurities may result from the manufacturing process 
(e.g. Bayer process) or incomplete p u r i f i c a t i o n of the 
ore (14). 

V205/ A1 20 3 

The supported vanadium oxide on 7-Al 20 3 is present as a 
well dispersed phase f o r 3-20% V 20 5/A1 20 3 (Figure 4). The 
Raman spectra of V 20 5/7-Al 20 3 have been discussed before 
(11), and the vanadium oxide structure has been 
c l a s s i f i e d into three main regions. Above 20% V 20 5/A1 20 3, 
the Raman spectra show the formation of V 20 5 

c r y s t a l l i t e s . At 5% V 20 5/A1 20 3 and below, the Raman band 
is present at ~ 940 cm"1 which i s typ i c a l of the terminal 
stretching mode found in a l k a l i metavanadates which 
possess polymeric chains of V0 4 units (Figure 1) . The 
corresponding V-0-V vibrations of metavanadates are also 
present in these samples. Above 5% V 20 5/A1 20 3, new bands 
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322 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

1200 1000 800 600 400 200 

Raman shifts (cm ) 

FIGURE 4.Raman Spectra of Vanadium Oxide Supported on 
7-Al 20 3. 
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29. DEO ET AL» Raman Spectroscopy of Vanadium Oxide 323 

Table I. Surface concentrations on di f f e r e n t alumina 
supports (in atomic %) 

Surface Atom 
Alumina Support Phase 

Surface Atom 

a 6,θ 7 
C 5.5 4.7 7.5 

0 57.1 59.6 58.2 

F 0.27 0.28 

Na 0.98 0.18 

Al 35.5 34.9 33.5 

CI 0.6 0.4 0.86 

appear near the 1000 cm region which are due to a 
vanadium oxygen double bond and are associated with the 
highly distorted octahedral enviroment of the vanadium 
oxide species (Figure 2). Solid state 5 1V NMR studies of 
these samples confirm that tetrahedral surface vanadia 
species are exclusively formed in the 0-5% V 20 5/7-Al 203 
range and that distorted octahedral surface species are 
predominately present above 5% V 20 5/7-Al 20 3 (4) . The 10% 
V 20 5/7-Al 20 3 also has broad bands at 950-1000, at 810-
830, 550-580, ~ 500, 290-300, ~ 250, and ~ 180 cm-1. 
There i s a s t r i k i n g s i m i l a r i t y between the position of 
these Raman bands and the Raman bands found in 
Na 6V 1 00 2 8.18H 20 (Figure 2). Similar Raman bands are also 
present f o r 20% V 20 5/7-Al 20 3. Thus, the supported 
vanadium oxide phase seems to be present with units 
similar to the decavanadate ion in 10-20% V 20 5/7-Al 20 3. 

The Raman spectra for 1-10% V 20 5/£, 0-Al2O3 are shown 
in Figure 5. Crystalline bands appear at 13% V2O5/6,0-
A1 20 3 indicating that monolayer coverage of surface 
vanadium oxide has been exceeded. 1-5% V 20 5/£, 0-Al2O3 

samples possess Raman bands of the surface vanadium 
oxide overlayer as well as weak bands of the δ,0-Α12Ο3 

support. The Raman bands of the support, however, 
quickly diminish as the vanadium oxide content i s 
increased. This i s due to the absorption of the laser 
l i g h t by the yellow-colored vanadium oxide overlayer. 
The Raman bands in the 990-1000 cm"1 region are 
characteristic of the distorted octahedra (decavanadate 
uni t ) . The Raman bands in the 770-790, 530-540, and 150-
300 cm"1 region are, however, much stronger than the 
corresponding Raman bands associated with the 
decavanadate ion and suggest the presence of a second 
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324 NOVEL MATERIALS IN HETEROGENEOUS CATALYSIS 

surface vanadium oxide species on the £,0-Al2O3 support. 
A similar set of Raman bands have recently been observed 
in a bismuth vanadate (Bi:V=25:l) reference compound 
which exhibits Raman bands at - 790, 530, 350-250, and 
150 cm"1. Solid state 5 1V NMR experiments have shown t h i s 
structure to contain tetrahedral vanadium oxide species 
(15). The decrease in the Raman stretching frequency, 
from ~ 830 cm"1 for monomer ic V0 4

3' to ~ 790 cm"1 f o r the 
bismuth vanadate (Bi:V=25:l), at the f i r s t approximation 
suggests, that the terminal V-0 bonds have been s l i g h t l y 
lengthened in t h i s bismuth vanadate structure. Similar 
to the case of bismuth vanadium oxide compounds, the 
sodium vanadium oxide compounds (NaV03—*Na : V=l : 1 ; 
Na3V04—>Na: V=3 : 1) also show a decrease in Raman terminal 
stretching frequencies from -920 to -820 cm"1 (16). Due 
to the presence of sodium ions on the surface, see Table 
I, i t can be concluded that part of the surface vanadium 
oxide species are coordinated to surface sodium ions to 
form monomeric tetrahedral vanadia species. It is also 
possible to conclude that more than three sodium ions 
are coordinated per monomeric tetrahedral vanadium oxide 
species as the Raman band occurs below 820 cm"1. Solid 
state 5 1V NMR studies also confirm that two d i s t i n c t l y 
d i f f e r e n t surface vanadia species are present on the δ,θ-
A1 20 3 support: a perfect tetrahedral structure and a 
distorted octahedral structure (17). Thus, the supported 
vanadium oxide phase on 6,0-Al2O3 consists of distorted 
octahedra (decavanadate-1ike) and monomeric tetrahedra. 

The Raman spectra of supported vanadium oxide on a-
A1 2G 3 exhibit different structural features than on the 
previously described alumina phases, as can be seen by 
comparing Figure 6 (0.7-1.7% V 20 5/A1 20 3) with Figures 4 
and 5. Broad Raman features are present at -770, -690, 
""550, -470 and a strong Raman band at -290 cm'1. As 
described previously, the -770 cm"1 band position i s 
s p e c i f i c to the monomeric tetrahedral species with 
lengthened V-0 bonds. It should be noted that the sodium 
ion concentration on the surface of α-Α1 20 3 is much 
higher than on other alumina supports (see Table I) and, 
hence, is most probably responsible for the formation of 
the monomeric tetrahedral species. Thus, the surface 
vanadium oxide phase on α-Α1 20 3 consists primarily of 
monomeric tetrahedral vanadia species. Similar spectra 
have been observed in our laboratory using di f f e r e n t 
types of α-Α1 20 3 supports. 

As mentioned e a r l i e r , sodium i s usually present as an 
impurity in alumina. However, the absence of sodium on 
the surface of 7-Al 20 3 implies i t s presence inside the 
bulk. To produce a and δ,0-Α12Ο3 i t is required to heat 
γ-Α1 20 3 to higher temperatures. As a result of heating 7-
A1 20 3, sodium migrates to the surface. This can be 
observed in Table I where the sodium concentration 
increases from 7 to a-Al 2G 3. The migration of sodium 
changes the acid/base charateri st i cs of the surface. An 
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C 3 

1 

V 2 0 5 / M - A I 2 0 3 (ca 

1200 

Raman shifts (cm"*) 

FIGURE 5.Raman Spectra of Vanadium Oxide Supported on 
< M - A I 2 O 3 . 

I 

Raman shifts (cm"1) 

FIGURE 6.Raman Spectra of Vanadium Oxide Supported on 
α-Α1 20 3. 
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increase in the sodium ion concentration produces a more 
basic surface. Thus, the basic strength of the surface 
should be expected to vary as follows: 

α-Α1 20 3 > δ9θ-Α1203 > 7-Al 20 3 

<— more basic 

Comparison of t h i s information with the surface vanadium 
oxide species present on the different alumina phases: 

Vanadium 
Spec ies 

decavanadate 

k 

metavanadate 

decavanadate 

k 

orthovanadate 

ο rt h οvan ad at e 

Alumina 
Phase 

δ9θ 

implies that acidic surfaces favor the decavanadate 
species, whereas, basic surfaces favor the orthovanadate 
species. Under ambient conditions, the conditions under 
which the V 2 O 5 / A I 2 O 3 spectra were taken, the surface of 
the support is hydrated and there is a s i m i l a r i t y in the 
behavior of the vanadium oxide surface species on A1 20 3 

and the pH dependence of aqueous vanadium oxide 
structural chemistry (10). 

The effect of the impurities besides sodium do not 
seem to play an important role in determining the 
structure of the surface vanadium oxide species. 
Flourine is the only other impurity whose concentration 
varies appreciably in the different alumina phases. 
Flourine cannot be responsible for influencing the 
vanadium oxide structures since flourine is present in 
similar concentrations in a and 6,0-Al2O3 while the 
vanadium oxide structures are changing. It may therefore 
be concluded that surface impurities other than sodium 
oxide do not contribute s i g n i f i c a n t l y to the change in 
the structure of the surface vanadium oxide species on 
the di f f e r e n t alumina phases. 

It should be noted that a l l of the above studies were 
performed under ambient conditions where the surface 
vanadium oxide species are known to be hydrated due to 
adsorbed moisture. It has been shown that dehydration 
can a l t e r the structures of the surface vanadium oxide 
species. For example, dehydration of surface vanadium 
oxide species on 7~A1203, which i n i t i a l l y possesses 
vanadia octahedra and tetrahedra, tranforms most of the 
surface vanadia species to a tetrahedral coordination 
(4). Dehydration studies on the V 20 5/£, 0-Al2O3 and V 20 5/a-
A1 20 3 samples are currently underway. 
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CONCLUSIONS 

The Raman spectra of model vanadium(V) oxide compounds 
are very sensitive to vanadium oxygen coordination. A 
d i s t i n c t trend in the Raman spectra of the reference 
tetrahedral and octahedral vanadium(V) oxide compounds 
is observed. Vanadium oxide i s found to interact 
d i f f e r e n t l y with the different alumina supports. On the 
7-Al 20 3 support, the surface vanadium oxide overlayer 
consists of polymeric tetrahedra and distorted 
octahedra. On the 6,0-Al2O3 support, the surface vanadium 
oxide overlayer i s composed of monomeric tetrahedra and 
distorted octahedra. On the α-Α1 20 3 support, the surface 
vanadium oxide overlayer contains monomeric tetrahedra 
surface species. The interactions, however, appear to be 
primarily due to the level of sodium impurity present on 
the surface and not the alumina phase in part i c u l a r . It 
is therefore imperative to take into consideration the 
surface impurities present when describing the molecular 
structures of the supported vanadium oxide phases. 
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