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EPR spectroscopy has been employed to determine the nature of vanadium (+4) species in the 
TiO2(B)-supported vanadia catalysts. IR and EPR studies show that multiple vanadia species are 
observed as a function of loading. At coverages greater than 3.5 theoretical layers, the EPR signal 
is reminiscent of bulk V205. At lower coverages, a different magnetic species dominates the 
resonance and may be attributable to tetrahedral states of vanadium at the oxide interface. The spin 
concentration and (g) suggest two distinct vanadia phases as a function of coverage. In this study, 
we have also analyzed catalysts after use in ammoxidation of toluene. These samples show strikingly 
different features compared with the freshly prepared samples. Changes in both the g-anisotropy 
and hyperfine coupling were observed relative to the fresh catalysts. Though EPR is not surface 
sensitive, inference into the nature of the catalytic surface can be made by comparison of catalysts 
of different coverage and studies of monolayer samples. A study of the TiO2(B)-vanadia interface 
was made by comparing monolayer catalysts prepared from slightly different techniques. Our 
measurements show strikingly different features in V 4+ species as a function of preparation. © 1992 
Academic Press, Inc. 

INTRODUCTION 

Titania-supported vanadia is usually used 
as catalyst for the oxidation and ammoxida- 
tion of alkylaromatic compounds to the cor- 
responding anhydrides, acids, aldehydes, 
and nitriles (1-10). One purpose of using 
support is to increase the specific area of the 
active phase, since it is comparatively low 
for bulk vanadium oxides (11). For the TiO2 
support, additionally, an improvement of 
the catalytic properties, when compared 
with V205 , has been observed at low vana- 
dium loadings, which is due to modification 
of the chemical nature of the surface as a 
result of active phase-support interaction 
(7, 12-17). 

In industry, usually the anatase poly- 
morph ofTiO 2 is used as a support for vana- 
dium oxide (18). The improvement of cata- 
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lytic properties obtained by the use of 
anatase as support has been explained as 
due to the formation of highly dispersed va- 
nadia species on the surface. On rutile, the 
active phase-support interaction is weaker, 
resulting in formation of crystalline V205 
(19). 

In addition to the vast catalytic data re- 
ported on titania supported vanadia cata- 
lysts, there is a plethora of studies directed 
at analysis of the V 4+ states in the active 
layers (20-33). In these studies electron 
paramagnetic resonance (EPR) was utilized 
to assess the geometry or coordination of 
the vanadyl and/or V 4+ species. Though 
EPR is not surface sensitive, a comparison 
of the magnetic species as a function of cov- 
erage and preparation method allows for a 
reasonable assessment of surface V4+spec- 
ies. In related studies on supported vanadia 
catalysts, EPR showed the presence of mul- 
tiple types of V 4+ species. The primary spe- 
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cies were V 4+ in a distorted geometry lying 
at the interface of the support and active 
layers, VO 2+ states, identified by character- 
istic EPR features, and V 4+, from reduced 
"defect"  states in V205. 

Recently, a newly discovered polymorph 
of TiO2, called TiO2(B) (34), has been used 
as a support for vanadium oxide catalysts 
(4, 9). Characterization using Chemical 
analysis and diffuse reflectance FTIR (9) 
showed two types of vanadia distinguish- 
able by their relative solubility in NH3(aq). 
Insoluble vanadium was assigned as V 4+ 
species interacting with the support. The 
vanadium not directly bonded to titania is 
present as V 5+. At low loading, both V 4+ 
and V 5+ were concluded to be tetrahedrally 
coordinated with respect to oxygen. With 
increase in loading, an abrupt change was 
observed in which the site symmetry about 
the vanadium center is now believed due 
to the formation of octahedrai units. At 
the highest limits, bulk V205 was observed. 
Since the structural information derived 
was the result of infrared spectral features 
of difference spectra, further study of the 
system with complementary characteriza- 
tion techniques is of interest. 

In this work an EPR study of vanadia 
supported on TiO2(B) is presented. Cata- 
lytic measurements have shown that this ti- 
tania phase may provide enhanced activity 
and selectivity for ammoxidation of toluene 
(9). However, to date, no EPR study has 
been reported on the V 4+ centers on this 
support. 

EXPERIMENTAL 

Preparation of the Support 

The support material was prepared from 
TiO2 (Merck, >99%, 9 m2/g, anatase) mixed 
with KNO 3 in a 1.2 : 2 mole ratio. The mix- 
ture was calcined at 950°C for 44 hr. X-ray 
data showed diffraction lines originating 
from K2Ti409 only (35). This species was 
ground and hydrolyzed for three days in ex- 
cess of 0.45 N HNO 3 . After washing, filtra- 
tion, and drying, the material was calcined 
in a flow of air at 500°C for 3 hr, yielding a 

white powder which was shown to be pure 
TiO2(B) (36). 

Preparation of the Catalysts 

The catalysts were prepared by the im- 
pregnation technique. A stoichiometric 
amount of NH4VO 3 (Merck, p.A.) was 
added to the desired amount of oxalic acid 
solution ofpH < 1. A deep blue solution was 
obtained to which the support was added. 
After evaporation of excess water, the re- 
sulting solid material was calicined in a flow 
of air at 400°C for 3 hr. Sieving provided 
particles with diameters ranging from 
0.150-0.425 mm. 

Seven samples with different vanadium 
loadings were prepared. The loading is in- 
cluded in the catalyst notation in Table 1, 
e.g., VT-0.3 indicates a loading of V2Os/m 2 
of support. In Table 1 are also the specific 
surface areas of support and catalysts, the 
va+/(V 4+ + V 5+) ratios as they earlier were 
determined by chemical analysis (9), and the 
loading expressed in numbers of theoretical 
V205 monolayers. The monolayer capacity 
was determined to correspond to 1.2 mg 
V2Os/m 2 of support (9). 

For comparison, a true monolayer sample 
was prepared by NH3(aq)-treatment of a 
sample originally having a loading of five 
theoretical layers. Chemical analysis 
showed that 80% of the vanadium was dis- 
solved. The remaining layer interacting with 
the TiO2(B ) surface was present exclusively 
as V 4+. 

Catalyst Characterization 

X-ray diffraction analysis was carried out 
using a Philips instrument with a PW 1732/ 
10 generator and CuKu radiation. 

Specific surface areas were determined 
with a gravimetric BET apparatus using N 2 
adsorption at liquid N2 temperature. The 
EPR measurements were performed with a 
Bruker ER-200D system equipped with an 
ER035 gaussmeter, field frequency con- 
trolled and a variable temperature accessory 
to provide temperature control within 0.5°C. 

In addition, to fresh samples, used sam- 
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TABLE 1 

Loading, Surface Area, and Composition of Catalysts 

Catalyst Loading a SB b SA" V+4/(V +4 + V +5) 
(layers) (m2/g) (mZ/g) 

VT-0.3 0.25 11.0 9.7 0.89 
VT-0.6 0.5 15.3 9.8 0.68 
VT-0.9 0.75 18,3 13.1 0.52 
VT-1.9 1.5 18.3 11.0 0.52 
VT-4.2 3.5 13.7 12.7 0.21 
VT-6.1 5 13,7 11.4 0.20 
VT-12.4 10 13.7 15.7 0.09 

~' No. of theoretical layers assuming 1.2 mg V205/m 2 of support for a monolayer. 
b Surface area/g support before impregnation. 

Surface area/g catalyst after impregnation. 

ples were prepared for characterizat ion by 
use in the ammoxidation of toluene. The 
partial pressures of  toluene, NH3, and oxy- 
gen were 0.77, 2.85, and 11.14 kPa, respec- 
tively. Catalytic data have been given else- 
where (9). 

RESULTS 

Chemical Analysis 

The results of titrimetric analysis of sam- 
ples according to the procedures  described 
elsewhere (9) are given in Table 1. At a 
low loading, the major part of  vanadia are 
present as V 4+ species. With increase in 
loading, the amount of V 5+ increases. For  
the 5- and 10-layer samples, the fraction of 
V 4+ species in relation to the total amount  
of vanadium is 1/5 and 1/10, respectively.  
These findings indicate that (i) there is a 
monolayer  of  vanadia interacting with the 
support  surface, and (ii) the monolayer  spe- 
cies is stabilized in oxidation 4+ in spite of 
the fact that the samples have been calcined 
in air at 400°C. 

EPR 

An analysis of  EPR spectra focused on 
three primary areas of  study: (i) Consider- 
ation of the coverage effects, characterizing 
V 4+ states at submonolayer  and multilayer 
coverages,  thus allowing a characterization 

of the nature of  the interface in the low cov- 
erage limits; (ii) Comparison of samples 
after use in ammoxidation reactions with 
fresh samples; (iii) Analysis of  the mono- 
layer or interface states of  vanadium at the 
V2OJTiO2 interface as a function of  prepa- 
ration. The EPR envelope was not compli- 
cated by the support as the TiO2(B) gave no 
detectable EPR signal under the conditions 
of the EPR data collection. 

Coverage Dependence o f  V 4~- States in 
Fresh Catalysts 

Figure 1 shows the EPR spectral envelope 
as a function of coverage for several va- 
nadia/TiO2(B) samples for both room tem- 
perature and 100 K. As expected,  the low 
coverage shows spectral features represen- 
tative of " i so la ted"  vanadium species with 
the spectral resolution being only slightly 
enhanced at low temperature.  Similar spec- 
tra were observed for vanadia supported on 
other oxide surfaces. For  V 4+ species on 
anatase or rutile, an axial signal associated 
with either vanadyl,  VO 2+, or V 4+ isolated 
centers was observed (14, 20, 22, 26). In a 
few cases, rhombic or or thorhombic sym- 
metry of the g- or A-tensors was noted (14). 
For  the low coverage spectra,  the assign- 
ment of  the components  of the g- and 
A-tensors was made by spectral simulation. 
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FIG. 1. ESR spectra showing the coverage dependence of vanadia/TiO2(B) for fresh catalysts at room 
temperature (a) and at 100 K (b). The numbers in parentheses denote the number of theoretical layers. 

The program used was developed by 
Cheyney (37) and is based on application 
of second order perturbation theory. The 
primary equations used in this fitting are 
given below (38-40): 

1 2 ~ 2 Hm(O) = (0~ 0 + K M  - (~¢ooK))A2(Atl 

+ K2)((I + 1) - M 2) _ ~¢00 ~ 1  "A211 

- A~/K2)  z sin 2® cos 2®M2)/gfl 

g = (g~ cos 2(~ q_ g~  sin 2®)1/2 

2 2 sin 2~))t/2/g. K = (al~gl~ cos 20 + a ~ g ±  

oJ 0 is the klystron frequency and A[I and A± 
are in cm -1. 

The results from the fitting suggested the 
presence of two independent resonances at 
coverages less than 1.5 monolayers. These 
were distinguished by differences in both 
parallel and perpendicular components of 

the A- and g-tensors. Indication of the com- 
ponents of the hyperfine and g- anisotropy 
obtained from the simulation is shown in 
Fig. 2. 

In the low coverage samples, 0.25 to 3.5 
layers, two magnetic species predominate. 
From 0.25 to 1 layer the so-called tetrahe- 
dral state predominates. In Fig. 2, results of 
simulation show the primary species at 0.5 
layer loading is " te t rahedra l ,"  while addi- 
tional spectral features are noted. These 
spectral lines appear due to the octahedral 
component, which increases with increasing 
loading. This is also indicated in Fig. 2. At 
higher coverages, e.g., 3.5 layers, the vana- 
dyl octahedral species is dominant. The data 
from simulation are provided in Fig. 2. No 
attempt to quantitate the tetrahedral/octa- 
hedral concentration was made due to com- 
plexity of signal and difficulty in isolation 
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FIG. 2. ESR spectral simulation showing unique V 4+ 
states: (a) shows typical vanadyl species as observed 
at 3.5 layers; (b) shows a predominance of  the "tetrahe-  
dral"  state at low coverage. 

of states. Broad spectral features were not 
included in the simulation as the focus of the 
investigation was to determine the character 
of interfacial states predicted by IR studies 
(9). Simulation of the broad feature is fur- 
ther complicated by the presence of multiple ,9a8. 
site symmetries persistent even at low load- 
ing. It should be stated that the complexity 1.92. 
of these spectra precludes a completely un- 1.978 
ambiguous assignment of the g- and 

AO~1,97. 
A-tensor, but analyses based on a single v 
axial or othorhombic species cannot satis- 1.962 
factorily fit these spectra and thus has led to 

1.96, 
the conclusion that at least two independent 
magnetic species are present. 1.988 

A similar observation was made in the 
1.95 

case of V 4+ on anatase. Busca et al. (14), 
observed two species characterized by 
markedly different values of A(parallel). 

Others have noted the presence of both iso- 
lated V 4+ species exhibiting axial hyperfine 
and broad line features resulting from dipo- 
lar broadening due to V-V interaction (21, 
23, 26, 33). In each of these cases, the 
g- and A-tensors clearly differentiate the 
unique magnetic species. 

As higher loadings are achieved, the spec- 
tral envelope shows the effect of increased 
V-V interaction, with a convergence to 
V20 5 being observed at 10 theoretical mono- 
layers. The (g) as a function of coverage is 
shown in Fig. 3. This plot suggests that 
above 3.5 theoretical monolayers, the va- 
nadia character is dominated by a broad line 
species with a g-value similar to that of octa- 
hedral or bulk V205 like states. The resolu- 
tion of multiple species and above the five- 
layer limit, the spectrum obtained appears 
to originate from a single type of V 4+ species 
showing dipolar broadening. 

The evaluation of the spin concentration 
of V 4+ species shows two critical regions as 
well. The susceptibility increases in a linear 
manner up to 1.5 monolayers as is shown in 
Fig. 4. Above this coverage limit, a second 
magnetic region is observed. This trend in 
the spin concentration appears to follow the 
trend in the g's shown in Fig. 3. In addition, 
to the two distinct regions of susceptibility, 
there appears to be a profound coverage 
induced effect on the spin concentration. At 
higher coverages, the spin concentrations 

"m 

m B 

Coverage (theoretical monolayer~) 

FIG. 3. The (g) as a function of  coverage. 

12 
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FIG. 4. The evaluation the spin density of V 4+ species 
as a function of coverage. 

are disproportionately lower than those de- 
termined for the coverages less than 1.5 
monolayers. A comparison shows that the 
total spin concentration in the higher cover- 
ages is depressed by a factor ranging be- 
tween 4 and 5. An absolute analysis showed 
ca. 1.65 × 10 _4 mol V4+/g-catalyst for the 
1.5-1ayer catalyst. This value agrees well 
with the number determined by chemical 
analysis, 1.82 × 10 -4 and is similar in magni- 
tude to the value reported by Dryek et al. 
(26) for vanadium ions on TiO2(rutile). The 
slight depression noted in the measured spin 
concentration may be due to V 3+ species 
present in the vanadia or due to spin cou- 
pling. 

EPR Spectra of Used Catalysts 

Figure 5¢shows the catalysts after use in 
ammoxidation. These spectra show mark- 
edly different features compared with the 
unused catalyst. As in the low coverage 
cases of the fresh samples, isolated V 4+ spe- 
cies can be identified with dipolar interac- 
tions broadening the spectra above the 3.5- 
monolayer limit. The assignment of multiple 
magnetic species in the lower coverages 
cannot be made absolutely. As a result of 
the somewhat poorer spectral resolution for 
these samples, a single set of parallel and 
perpendicular components of the hyperfine 
can be resolved. This effect is most apparent 
in the 0.5-layer sample. 

At higher coverages, two spectral fea- 
tures can be easily resolved. In the five- 
layer sampl e, a broad line apparently from 
V205 like states and a "narrow" species at 
the center of the resonance window can be 
observed. These features show different 
population and saturation phenomena when 
studied as a function of incident microwave 
power and thus are easily identified as 
unique magnetic states. Differential spectral 
growth rates indicate these signals arise 
from states with independent relaxation 
characteristics. A comparison of this five- 
layer spectrum with those obtained from 
lower coverages suggests that the narrow 
species persists even at 0.5 layers and that 
two unique magnetic species may be present 
at the lower coverage. Again, the 10-layer 
sample appears to be a broad line similar to 
V205, however, a shoulder is observed at 
the field position where the narrow line spe- 
cies was observed for the lower coverages. 
For all coverages, no significant reduction 
in spin concentration is observed after use 
in ammoxidation. 

Analysis of Vanadia Monolayers 
on TiO2(B) 

In these studies, the EPR results have 
provided a characterization of states as a 
function of coverage. A necessary consider- 
ation in the development and preparation of 
useful catalyst concerns the interface prop- 
erties. In Fig. 1, the 0.75- and 1.5-monolayer 
samples are representative of the interface 
preparation by impregnation. For compari- 
son, a true monolayer was prepared by 
washing the five-layer catalyst with ammo- 
nia. The EPR spectra contrasting the theo- 
retical monolayer with the true monolayer 
produced by the ammonia washing is shown 
in Fig. 6. Again, striking differences are 
noted. As previously described, the theoret- 
ical monolayer spectrum shows the pres- 
ence of isolated V 4÷ species, while the spec- 
trum of the true monolayer shows a broad 
feature in which the hyperfine is not well 
resolved. The spin concentration is lower in 
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FIG. 5. ESR spectra of coverage dependence of vanadia/TiO2(B) after use in ammoxidation at room 
temperature (a) and at 100 K (b). The numbers in parentheses denote the number of theoretical layers. 

this material as well. The (g) value for the 
true monolayer is ca. 1.96, which is similar 
the (g) value observed for the samples of 
higher loadings. 

DISCUSSION 

The results presented here suggest that 
the interface states are critical in the devel- 
opment of catalysts. In our first study, two 
types of V 4+ species were analyzed near and 
below the theoretical monolayer density; 
the tetrahedral and well known vanadyl 
states. In previous analyses of the EPR data 
on supported vanadia catalysts, Busca et al. 
(14, 22), Dryek et al. (26), and many others 
(20, 22) have attributed the axial state with 
the g± > glL to VO 2+ states of the vanadium, 
possibly in a square pyramidal geometry, as 
is observed at coverage greater than two 
monolayers. 

The expected (g) for pure tetrahedral 
complexes is predicted to be larger than that 
of vanadyl species. Tetrahedral states of 
V 4+ usually show the g to be on the order of 
2.00, with such states being observed for 
vanadia supported on SiOz (27), V 4+ in tetra- 
hedral environments (41). V 4+ species 
trapped within a tetrahedral environment in 
tungstate crystals give (g) of 2.002. For 
tetra-alkyl V 4+ complexes, the (g) ranges 
from 1.97-1.99 (42--45). The EPR parame- 
ters determined at the low coverage; less 
than two monolayers are similar to those 
measured for V 4+ in a tetrahedral field. 

Our EPR study shows features and pro- 
vides observations which are consistent 
with the vibrational data obtained from 
these catalysts. FTIR studies on low cover- 
age samples show the presence of tetrahe- 
dral V 4+, and V 5+ states, as suggested by 
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FIG. 6. ESR spectra contrasting the theoretical 
monolayer with the true monolayer produced by am- 
monia washing. 

this work. As the coverage increases, an 
octahedral state, the V O  2+ is formed and 
at the highest coverage limit, bulk V205 is 
observed (9). The spectrum obtained at the 
highest coverage is dominated by a single 
broad feature with EPR parameters nearly 
identical to those of pure V205. 

Our spin concentration measurements on 
the fresh catalysts show two critical regions 
as a function of loading, with a distinct di- 
vergence at 1.5 monolayers, suggesting a 
change in the vanadia phase. Chemical anal- 
ysis of the V4+/V 5+ content as well as the 
vibrational spectroscopic results show the 
same trend. Below two monolayers, the tet- 
rahedral state dominates, then as coverage 
increases an amorphous state and a V20~ 
state are identified. From the IR analysis 
(9), the change in coordination type from 
tetrahedral to octahedral forms of vanadium 
was shown to occur near the 3.5-monolayer 
limit which is the point at which the amor- 
phous phase is first detected. Chemical anal- 
ysis of the V4+/Vto¢ ratio show that as the 

loading is increased the relative amount of 
V 4+ in the surface layer decreases, with a 
dramatic decrease being observed between 
1.5 and 3.5 layers. The spin concentration 
data presented show the total amount of  V 4+ 

increases, linearly, with loading up to 3.5 
monolayers. At this point, the spin concen- 
tration or magnetic susceptibility of V 4+ 
drops sharply and a new trend is observed 
up to the highest coverage. The depression 
in the spin concentration may be due to the 
formation of a new phase of vanadium in 
above 3.5 layers, such as the octahedral or 
bulk V205 states which are detected by vi- 
brational spectroscopy or to increase the 
V-V interaction and reduction in the overall 
spin state. At this critical point, a change in 
(g) is observed also indicative of a change 
in vanadia character. The absolute values 
for the spin concentration and V 4+ concen- 
tration obtained from chemical analysis 
show a different dependence as the EPR 
measures all V 4+ species including those dis- 
persed in V205. The chemical analysis ac- 
counts for ammonia soluble and insoluble 
species based on structure type, with V205 
containing both V 5+, the dominant species, 
and V 4+, the minor species, being soluble. 

Table 2 shows a correlation of the EPR 
data with the catalytic and structural proper- 
ties. The discontinuity in the magnetic sus- 
ceptibility appears between the tetrahedral 
and octahedral structural phases though the 
total spin concentration determined by EPR 
includes both surface and subsurface va- 
nadia. In comparing these data with the 
[V(4+)] at the surface, it becomes apparent 
that the greatest density of reduced vana- 
dium species is at the interface, in a tetrahe- 
dral coordination and thus the ratio V4+/V 5+ 
is at a relative maximum at low loading. A 
maximum in catalytic activity and selectiv- 
ity occurs near the three-layer limit in which 
there is no significant level of reduced sur- 
face vanadia. In this region the structural 
phase may not be pure. The (g) is intermedi- 
ate between that of the tetrahedral phase 
and vanadyl species with the IR studies 
showing both octahedral and V205 phases 
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Surface Composition of Catalysts and Their Performance in the Ammoxidation of Toluene 
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Catalyst Surface composition (%) 

TiO2 Vanadia 

Rate Selectivity X (g) 
(~mol m 2 min-l) (%) (gmol - V 4+/m 2) 

VT-0.3 78 19, V 4+ (tetr) 0.33 
3, V s+ (tetr) 

VT-0.6 66 9, V 4+ (tetr) 1.14 
25, V 5+ (tetr) 

VT-0.9 60 40, V 5+ (tetr) 1.56 
VT-I.9 19 81, V 5+ (tetr) 2.60 
VT-4.2 25 65, V 5÷ (oct) 2.45 

10, V205 
VT-6.1 0 47, V 5+ (oct) 2.38 

53, V20 ~ 
VT-12.4 0 26, V 5+ (oct) 1.91 

74, V205 
VTM 0 100, V 4+ (tetr) 4.05 

82 1.81 1.979 

86 2.17 1.978 

85 4.07 1.977 
86 9.06 1.960 
88 4.53 1.955 

87 5.07 1.955 

88 18.12 1.955 

79 

being present. The selectivity reaches a 
maximum for the vanadyl phase in samples 
Vt-4.2, 6.1, and 12.4. Also, there seems to 
be a correlation between total spin concen- 
tration and the reaction rate within the tetra- 
hedral phase; that is both increase up to a 
coverage of 1.5 layers. Within the octahe- 
dral phase, a similar correlation is evident. 
The samples labelled VT-4.2 and VT-6.1 
have similar spin concentrations and similar 
rates. 

Comparison of the surface concentration 
of reduced vanadium with the total magnetic 
susceptibility suggest that at low coverage, 
aggregation or island formation is probable. 
While the magnetic susceptibility increases, 
the amount of V 4+ in the surface decreases, 
suggesting the clustering of vanadia species. 
This result is supported by chemical analy- 
ses which show the total V 4+ to increase 
with vanadia loading. Comparison of low 
coverage, < 1.5 layers to the true monolayer 
sample reinforce this conclusion. Here, 
chemical analysis suggests the surface is en- 
tirely reduced vanadia in a tetrahedral coor- 
dination. The EPR spectral data support 
this. 

EPR studies on the catalysts following 
their use in ammoxidation, show two reso- 

nances up to coverages of five monolayers. 
The sharp feature which is readily apparent 
in the five-layer catalyst, and distinguish- 
able down to 0.5 layers, is absent or muted 
in the fresh catalysts. Whether this observa- 
tion is suggesting increased reactivity for 
a specific coordination state of vanadium 
affecting one state primarily, or is correlated 
with a structural reconstruction of vanadia 
states is yet to be determined, but it is clear 
from these measurements, that significant 
chemical change occurs at the V 4+ sites un- 
der ammoxidation conditions. 

Further, analysis of the monolayer sug- 
gested that the mode of preparation seri- 
ously affects the magnetic character of the 
vanadium states. For all coverages below 
3.5 theoretical layers, sharp hyperfine fea- 
tures were observed indicated localization 
or isolation of V 4÷ states. In the monolayer 
produced from the ammonia washing of a 
five-layer sample, the hyperfine structure is 
not clearly resolved. The spectrum of the 
true monolayer seems to be dominated by a 
broad resonance. 

Fierro et al. (20) have studied monolayer 
states of vanadia supported on silica pre- 
pared by impregnation methods. In this 
work, the EPR parameters were strongly 
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affected by sample treatment with the gen- 
eral observation, being that isolated V 4+ 
species can be observed in all freshly pre- 
pared samples. Busca et ai.(22) have shown 
that for VzO5 supported on TiO2(rutile), the 
first monolayer is dominated by VO 2+ spe- 
cies. Ammonia washing for 5, 15, and 25% 
V205 samples showed the presence of insol- 
uble V 4+ species, usually indicative of ag- 
gregate or cluster formation. For the lowest 
concentration, the washed sample showed 
a simpler EPR spectrum with resolved hy- 
perfine components, arising from a single 
type of vanadium species which is magneti- 
cally isolated. 

In this study, the true monolayer of va- 
nadia on TiO2(B) shows the effects of dipo- 
lar exchange. This suggests the character of 
the monolayer is strongly dependent on the 
method of preparation. The FTIR studies 
have shown that at high loadings the V205 
structure is observed, with octahedral and 
tetrahedral states being maintained at the 
lower loadings, and the monolayer pro- 
duced by ammonia washing should be a 
more regular layer in which V4+-V 4+ inter- 
actions dominate. The monolayer produced 
from impregnation demonstrates the effect 
the support has in the catalyst design. Below 
the 1.5-layer limit, the surface is not com- 
pletely covered and thus isolated V 4+ cen- 
ters and a small percentage of species origi- 
nating from the dipolar interactions of the 
vanadium centers are observed. For the 
monolayer produced by ammonia washing, 
a regular structure is expected and thus the 
limit of dipolar exchange increases provid- 
ing the spectral features observed. These 
observations suggest that domain formation 
is occurring below the monolayer limit and 
may help to rationalize the presence of mul- 
tiple species magnetic species in vanadia ag- 
gregates. 

CONCLUSION 

In this work, EPR results were presented 
on a series of vanadia/TiOz(B) catalysts and 
a correlation of the EPR results with struc- 
tural data was made. This is the first EPR 

study of V205 on TiOz(B), and it has shown 
that use of the TiO2(B) phase as a support 
produces a variety of W + and V 5+ species 
as a function of coverage and preparation. 
Chemical analyses coupled with IR mea- 
surements have shown a maximum of V 4+ 
states with tetrahedral coordination in the 
low coverage limit. At low coverages the 
V4+/V 5+ reached a maximum. At higher 
coverages, V 5+ dominated and the forma- 
tion of bulk V205 was observed. The EPR 
study showed spectral features and trends 
similar with those of the earlier catalytic and 
structural (IR) studies (9). Multiple mag- 
netic species were observed. At low cover- 
ages two species were observed, one of 
which may be attributable to a tetrahedral 
coordination. At the higher coverage, the 
EPR suggested the formation of bulk V205 . 
In these studies a maximum in V 4+ was ob- 
served at 1.5 monolayers, and the decrease 
in spin concentration above that limit sug- 
gests the formation of a new vanadia phase 
or new magnetic species associated with a 
structural change. A correlation between 
the magnetic density and catalytic reactivity 
shows a strong relationship between spin 
concentration and activity and their remains 
a focus of continued study, as does further 
characterization of the coverage induced 
phases. 
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