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Three titania polymorphs, anatase, rutile, and TiO2(B), were used as supports for vanadia. 
Catalysts with nominal loadings corresponding to 1.5 and 5 theoretical layers were prepared~ True 
monolayer samples were obtained by NHa(aq)-treatment of the samples with 5 nominal vanadia 
layers. Prepared catalysts were characterized by chemical analysis, ESR, and high-resolution 
electron microscopy. It was observed that an almost complete monolayer of vanadia can be formed 
on anatase and TiO2(B). The monolayer on TiO2(B) consists of W ÷ species. A magnetic species 
attributable to tetrahedral states of vanadium was found to dominate the ESR resonance. Chemical 
analysis of the monolayer on anatase showed the presence of both V 4÷ and V 5 ÷ species. The ESR 
spectrum indicated a high degree of V4+-V 4+ interaction. From the characterizations of rutile- 
supported samples it seems that the support interface is a solid solution of V 4+ . On all supports, 
vanadium on top of the monolayer is present as V 5+ . High-resolution micrographs of the samples 
with the highest loading revealed the formation of amorphous vanadia on both anatase and rutile. 
On TiO2(B), vanadia was found to grow coherently at the titania interface. The catalysts were used 
in the oxidation and ammoxidation of toluene to benzaldehyde and benzonitrile, respectively. 
Considering both activity and selectivity, multilayers of vanadia supported on TiO2(B) show a good 
performance for both reactions. © 1991 Academic Press, Inc. 

INTRODUCTION 

Titania-supported vanadium oxide cata- 
lysts are active and selective for the partial 
oxidation and the ammoxidation of alkylaro- 
matic compounds (1-6). The catalytic prop- 
erties of the active phase can be expected 
to be influenced by the choice of titania poly- 
morph used as support. In several cases, 
anatase rather than rutile has been reported 
to be preferred (7-9). Vrjux and Courtine 
(10) have demonstrated the existence of a 
crystallographic fit between the (010) plane 
of V205 and the (001) and (010) faces of 
anatase. Thus, a preferential exposure of 
V205 (010) should be expected on anatase. 
Investigation of anatase samples with low 
vanadia loading using X-ray absorption 
spectroscopy (11), however, showed the ex- 
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istence of disordered vanadia species 
bonded to the titania surface via two bridg- 
ing oxygen species. Additionally, there are 
two oxo-groups at each vanadia species. 
Also, several other investigators have con- 
cluded that anatase modifies the properties 
of vanadia by the formation of a stable 
monolayer of vanadia species directly 
bonded to the surface of the support (2, 9, 
12). On futile, on the other hand, the va- 
nadia/titania interaction is weak (13) leading 
to formation of crystalline VzO5 under reac- 
tion conditions (9). However,  Trifir6 and co- 
workers (14) have not found the crystalline 
structure of TiOz to be crucial for the 
amount of vanadia strongly interacting with 
the support. Rather, the most important fac- 
tor is the degree of surface hydroxylation, 
which greatly depends on the method of 
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preparation. Characterization of mono- and 
multilayers of vanadia on TiO2 suggests a 
chemical and catalytic difference between 
the two regions (3, 15-17). 

Recently, we have found the TiO2(B) 
polymorph (18) of titania suitable as support 
for vanadium oxide, when used in the am- 
moxidation of toluene to benzonitrile (6). 
The structure and catalytic property of the 
active phase were found to depend strongly 
on the vanadia loading. In the present inves- 
tigation we report a characterization and 
comparison of anatase, rutile, and TiO2(B) 
as supports for vanadia. The catalysts were 
characterized by IR, ESR, high-resolution 
electron microscopy (HREM), and chemi- 
cal analysis, and they were used in the 
(amm)oxidation of toluene. 

EXPERIMENTAL 

Preparation of Supports 

Preparation of TiO2(B). The support pre- 
cursor was prepared by mixing KNO3 with 
TiO2(anatase) in a mole ratio KNO3 : TiO 2 of 
1.2:2. The mixture was calcined at 950°C 
for 44 h. According to X-ray diffraction, the 
major part of the product was K2Ti409, 
JCPDS 27-447 (19). Then the precursor was 
hydrolyzed for 3 days at room temperature 
using a 0.45 M nitric acid solution. For each 
mmole of precursor, I00 ml of the acid solu- 
tion was added. After filtration and drying 
at 40°C for 24 h, the product was calcined in 
a flow of air for 3 h at 450°C. X-ray diffrac- 
tion analysis showed that the final product 
was pure TiO2(B), JCPDS 35-88 (19). The 
mechanism of formation of TiO2(B) from 
K2Ti409 has recently been clarified (20). 

Preparation ofrutile. A solution of titani- 
um(IV) was prepared by dissolving pure 
TiC14 in an aqueous solution of hydrochloric 
acid with pH ~ 0. TiC14 was added slowly 
at room temperature while stirring. At the 
same temperature precipitation was per- 
formed by the slow addition of NH3(aq) 
while stirring. The resulting precipitate was 
filtered off and washed with water until free 
of chloride ions. The product was dried 

TABLE 1 

Loading and Surface Area of Catalysts 

Catalyst ~ Loading b $8 ~ SA d 
(mg V2Os/m 2) (m2/g) (m2/g) 

VTA-6 6.03 9.6 5.2 
VTB-6 6.06 13.7 11.4 
VTR-6 6.05 6.0 4.3 
VTA-1.9 1.86 9.6 8.3 
VTB- 1.9 1.87 18.3 11.0 
VT R- 1.9 1.87 6.0 5.7 
VTM A 0.84 9.6 7.7 
VTM B 1.20 13.7 10.9 
VTM R 1.20 6.0 4.6 

a VTA, VTB, VT R were obtained by wet impregnation 
of anatase, TiO2(B), and rutile polymorphs, respec- 
tively. The VTM samples were obtained by NH3(aq)- 
treatment of the corresponding VT-6 samples. 

b Expressed per surface area of fresh support. 
c Surface area per gram of support before impreg- 

nation. 
d Surface area per gram of catalyst after impreg- 

nation. 

overnight at 80°C and then calcined in a flow 
of 02 at 800°C for 6 h. According to X-ray 
diffraction, the product was almost pure ru- 
tile, JCPDS 18-1404 (19). The anatase con- 
tent was 3%, as determined using the equa- 
tion given by Spurr and Myers (21). 

Anatase support. The anatase sample 
used in this study was a commercial sample 
(Merck 99%). According to X-ray diffrac- 
tion, JCPDS 21-1272 (19), it was pure an- 
atase. 

Preparation of Catalysts 

Anatase, TiO2(B), and rutile were used as 
supports for vanadium oxide. Two methods 
of catalyst preparation were used in this 
study. The first method was standard wet 
impregnation of the support with solutions 
of varying concentrations of ammonium 
metavanadate. Six samples with different 
loadings were prepared. Their loadings, also 
included in the catalyst notation, and spe- 
cific surface areas are given in Table 1. From 
the unit cell dimension of V205 (22), an aver- 
age value for a loading corresponding to a 
complete monolayer can be calculated as 
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1.2 m g  V 2 O s / m  2 surface area of support, if 
the (100), (010), and (001) planes are consid- 
ered. Considering Table 1, it can be con- 
cluded that the loadings on each support 
correspond to 1.5 and 5 theoretical layers. 

In the second preparation method, sam- 
ples originally having a loading of five theo- 
retical layers were treated with conc. 
NH3(aq). After drying, the samples were 
calcined in air at 450°C for 3 h. Titrimetric 
analysis showed that, depending on the tita- 
nia polymorph, different amounts of vana- 
dium remained after NH3(aq)-treatment. 
The remaining vanadium content and spe- 
cific surface area of these samples are in- 
cluded in Table 1. 

After sieving, the fractions of particles 
with diameters in the range 0.150-0.425 mm 
were used in the experiments. 

Characterization of  Catalysts 

X-ray diffraction analysis of the catalysts 
was carried out on a Philips X-ray diffrac- 
tion instrument using a PW 1732/10 genera- 
tor and CuKa radiation. 

The specific surface areas of the samples 
were determined with a gravimetric BET 
apparatus using adsorption of N2 at liquid 
N2 temperature. 

Chemical analysis of the amount of vana- 
dium on the catalysts was performed using 
a procedure similar to that described in the 
literature (3, 14). First the catalyst sample 
was treated with a 25 wt% aqueous solution 
of NH 3 at room temperature for 15 h. The 
solid part was filtered off and the pH of the 
solution adjusted to 1 with H E S O  4 . The solid 
part was further treated with hot 4 M H 2 S O  4 . 

The two solutions thus obtained were ana- 
lyzed for their total content of vanadium and 
its degree of reduction. For this purpose 
titrations were made with standardized solu- 
tions of KMnO4 and (NH4)2Fe(SO4) 2 • 6H20 
(23). In the latter case, a few drops of di- 
phenylamine dissolved in H 3 P O  4 w a s  used 
as an indicator. 

FTIR spectra were recorded using a Matt- 
son Polaris spectrometer equipped with a 
Harrick Scientific Praying Mantis diffuse re- 
flection attachment. Before recording of 

v(OH) bands, the undiluted samples were 
evacuated at 300°C for 4 h. For this purpose 
a reaction chamber of stainless steel from 
Harrick Scientific Corp. was used. It was 
provided with KBr windows, which were 
mounted in a stainless-steel dome. The sam- 
pling cup was at the top of a stainless-steel 
rod in which both the heating cartridge and 
the thermocouple were embedded. The tem- 
perature was controlled with a Love 301 
self-tune controller. The body of the cham- 
ber was cooled by circulating water. The 
pressure was measured with two MKS vac- 
uum gauges. A resolution of 4 cm -l was 
used, and I000 spectra were collected for 
each sample. ICON analytical software 
from Mattson Instruments was used for 
spectral treatment. 

For the study of metal-oxygen IR vibra- 
tions, the samples were diluted with 85 wt% 
of KBr. Spectra were recorded without fur- 
ther treatment in dry air free of CO2. 

ESR experiments were performed with a 
Bruker ER-200-D system, which was 
equipped with an ER035 gaussmeter, a field 
frequency controller and counter, and a 
VT4104 variable temperature assembly. 

High-resolution micrographs were re- 
corded with a JEM 4000EX transmission 
electron microscope, with an interpretable 
resolution of 0.16 nm in projected crystal 
structures. A JEM 2000FX scanning trans- 
mission microscope, equipped with a Link 
AN I0000 energy dispersive spectrometer 
(EDS), was used for preliminary investiga- 
tions and elemental analysis. 

Simulated diffraction patterns and sphere 
structure models were produced for all ma- 
jor zone axes in rutile and anatase with a 
multipurpose computer program suite (24). 
These were compared to recorded selected 
area diffraction patterns and HREM images. 
Because of the small size and agglomeration 
of the particles, the zone axis orientations 
of the HREM images were further verified 
by optical diffraction in an optical bench 
with a laser light source. 

When investigating surface features on 
the atomic level it is of vital importance to 
avoid contamination. To ensure clean sur- 
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faces, all samples were kept in microscope 
vacuum (3 × 10-5 Pa) for at least 12 h before 
final examination. Apart from the quality of 
the vacuum, the growth rate of amorphous 
contamination in the microscope is strongly 
dependent on both the nature of the sam- 
ple and the current density of the elec- 
tron beam. A low-dose technique was used 
for primary photographic recordings. An 
image-intensified TV camera was used for 
correction of astigmatism and of focus at 
low-beam current density and magnification 
(usually 150-500 kx). Thereafter the elec- 
tron beam could be concentrated and the 
growth of contamination could be followed 
on the TV monitor. The growth rate could 
be as high as 3 nm/min in a fully converged 
beam (20-40 ,~/cm2), but was found to be 
negligible at the low current density used for 
recording of the low-dose images. 

The catalytic performance of prepared 
catalysts was studied for the oxidation and 
ammoxidation of toluene to benzaldehyde 
and benzonitrile. Carbon oxides were 
formed as the main by-products. A differen- 
tial and isothermal plug flow reactor held at 
370°C was used in the experiments. Over 
0.1-0.3 g of catalyst, diluted with quartz of 
the same particle size, a total flow of 186 
standard cm3/min was passed. The partial 
pressures of toluene and oxygen were 0.77 
and 11.4 kPa, respectively, while the partial 
pressure of NH 3 was varied from 0 to 5.71 
kPa. Nitrogen was used as an inert gas. Re- 
action products were analyzed on a Varian 
Vista 6000 gas chromatograph. Reactor and 
analysis arrangement were the same as de- 
scribed elsewhere (25). 

RESULTS 

Chemical Analysis 

The results of analysis of the catalysts 
with respect to vanadium content and the 
average oxidation number of vanadium us- 
ing titrimetric methods are given in Table 2. 
Two types of vanadium were found, one 
soluble and the other insoluble in NH3(aq). 
The latter part was analyzed after dissolu- 
tion in c o n c .  H 2 S O  4 . In the case of anatase 

TABLE 2 

Chemical Analysis of Catalysts 

Catalyst Soluble in Insoluble in NH 3 (aq) 
NH3(aq) 

V/Vtot ON ~ 
V/Vtot % of mono ON a 

VTA-6 0.86 5.0 0.14 70 4.8 
VTB-6 0.80 5.0 0.20 100 4.0 
VTR-6 0.80 5.0 0.15 75 4.0 
VTA-1.9 0.50 5.0 0.50 75 4.8 
VTa-l.9 0.48 5.0 0.52 78 4.0 
VTg-I.9 0.16 5.0 0.26 39 4.0 
VTMA 0 - -  1.00 70 4.8 
VTMB 0 - -  1.00 100 4.0 
VTMR 0 - -  0.29 29 4.0 

a ON, average oxidation number of vanadium. 

and TiO2(B)-supported catalysts, addition 
of the amounts of the two types of vanadium 
gave a value in agreement with the total 
loading, which was determined by atomic 
absorption analysis after complete dissolu- 
tion of catalysts in conc. HF. For rutile sam- 
ples, however, the vanadium content deter- 
mined by titrimetric methods was found to 
be less than the amount originally deposited. 
This can be due to formation of a solid solu- 
tion of vanadium in futile. Consideration of 
the amount of vanadium, which is insoluble 
in NHa(aq) , especially for anatase and 
TiOE(B) samples, shows that this amount is 
close to the theoretical monolayer capacity. 
This observation indicates the possibility 
that the vanadia insoluble in NH3(aq) consti- 
tutes a monolayer interacting with the tita- 
nia interface. A comparison of the average 
oxidation numbers of vanadium interacting 
with the different titania polymorphs shows 
striking differences. On TiOE(B) and rutile 
supports, the oxidation state of the inter- 
acting vanadium is + 4, while on anatase the 
average oxidation number is + 4.8. At high 
loadings, there are additional layers on top 
of the monolayer. For all supports, the oxi- 
dation number of vanadium in the multilayer 
region is + 5. The data given in Table 2 are 
representative for catalysts both freshly pre- 
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FIG. l. Diffuse reflectance FTIR spectra of v(OH). 
The spectra are normalized with respect to surface 
a r e a .  

3647 cm- 1. A band at 3652 cm- 1 and a shoul- 
der at 3627 cm-1 are observed for VTM A. 
These bands are possibly V-OH bands of 
monolayer species (26, 27). 

In order to illustrate the level of vanadium 
content at which crystalline V205 starts to 
form, the overtone region of the fundamen- 
tal V~---O stretching vibrations is shown in 
Fig. 2. In the infrared spectra of supported 
catalysts, V205 bands at 2020 and 1974 cm- 1 
(6, 28, 29) are observed only at high load- 
ings, i.e., in case of VTA-6, VTB-6, and VTR- 
6. These bands are the first overtones of 
the fundamentals appearing at 1020 and 985 
cm- 1 (30). Figure 2 implies that formation of 
crystalline V205 is more favored on anatase 
support. 

ESR Spectroscopy 

Figure 3 shows the ESR spectra recorded 
at 100 K for the catalysts with the lowest 
vanadium loadings. The corresponding 
spectra for the samples with the highest 
loading showed a single line spectrum simi- 
lar to V205. Room-temperature spectra for 
the anatase and rutile samples provided lim- 

pared and after being used for several hours 
in ammoxidation experiments, where the 
partial pressure of NH 3 was varied from low 
to high values. 

Infrared Spectroscopy 
Evacuation at 300°C for 4 h caused a sub- 

stantial decrease in the intensity of water 
deformation bands. The OH stretching re- 
gion after evacuation is shown in Fig. 1. 
Pure anatase has a relatively intense band 
at 3670 cm-1 and a shoulder can be distin- 
guished at 3651 cm -1. A sharp v(OH) band 
for pure TiO2(B) centers at 3666 cm- 1 and a 
weak broadband is at about 3720 cm- 1. Pure 
rutile shows bands at 3622, 3647, and 3720 
cm- 1. Also a shoulder is seen at 3599 cm- 1. 
After evacuation of the supported catalysts, 
only VTR-1.9 and VTM A show bands in the 
OH stretching region. The VTR-1.9 sample 
shows a weak Ti-OH band from rutile at 

J 
v, 
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21"20 2(~10 1960 ' 1880 
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FIG. 2. FTIR spectra of the overtone region of funda- 
mental vanadyl stretching vibrations. The spectra are 
normalized with respect to surface area. 
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FIG. 3. ESR spectra of  some catalysts. 

ited resolution. For the TiO2(B) samples, 
well-resolved hyperfine features could be 
observed at room temperature for VTB-1.9 
while the VTMB showed a broad resonance, 
thus demonstrating different limits in dipo- 
lar exchange. 

Electron Microscopy 

Anatase support. The support particles 
were approximately in the size range 50-150 
nm and usually agglomerated. Pure anatase 
proved to be more stable in the electron 
beam compared to vanadia-coated samples. 
Apart from this, the particles appeared very 
similar before and after vanadia deposition. 

Using the low electron dose technique, 
images of the pure support surfaces without 
any appreciable amorphous overlayer or 

surface structures could be obtained. Figure 
4 shows a section of a spherical particle, 
which is approximately 64 nm in diameter. 
The amorphous contamination or radiation 
product from the support was less than 0.5 
nm at any point around the periphery of the 
particle. 

After deposition of an amount of vanadia 
corresponding to five theoretical V205 lay- 
ers, no clean support surfaces could be 
found. This was the case even when using 
the low-dose technique on previously unex- 
posed areas. Typically, an amorphous va- 
nadia ovedayer approximately 2.5 nm thick 
was found to cover the support particles. 
Figure 5 shows the rounded edge between a 
(1,0, - l) and a (0,1, - l) surface. The amor- 
phous layer was of even thickness on both 
facets as well as the connecting bent surface 
shown in the figure. This finding is opposed 
to a previous investigation (31), which re- 
ported a preferential sticking to certain crys- 
tal planes. 

The observed instability of the impreg- 
nated anatase sample toward the focused 
electron beam can be partly explained by 
the particles changing their orientation rela- 
tive to the beam. By watching the conver- 
gent beam diffraction pattern and the Ki- 
kuchi lines in reciprocal space, it was 
observed that vicinal zone axes moved col- 
lectively, without change of the intercon- 
necting distance. This implies a pure rota- 
tion without any phase change. Since the 
particles were always almost spherical, the 
effect of a small change in alignment is very 
striking and thickness fringes were seen 
traversing the particles. In some cases they 
could be realigned by using the tilt mecha- 
nism of the microscope. Apart from the local 
heating effect, the rotation is also facilitated 
by the vanadium oxide layer at the inter- 
faces between particles, since it is known 
that vanadium oxide is quite easily reduced 
in situ by tlke electron beam (32, 33). Pre- 
viously, this has been attributed to the for- 
mation of a superstructure, or possibly a 
rutile-like solid solution (34). 

Rutile support. The rutile particles were 
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FIG. 4. Low-dose high-resolution image of the anatase support before deposition of vanadium oxide. 
The viewing direction is [001] and the distance between the orthogonal (200) and (020) fringes is 0.189 
nm. The surfaces appear clean and the amorphous contamination layer is less than 0.5 nm. 

generally more poorly crystallized, slightly 
smaller, and more irregular in size than the 
anatase support particles. In this case, even 
the pure support was quite unstable in the 
beam. On some occasions, however, clean 
surfaces could be imaged using the low-dose 
technique. The surfaces generally appeared 
rougher than in the case of anatase, which 
made it more difficult to establish the thick- 
ness of the amorphous surface layer when 
present on the impregnated support. 

In the case of the VTR-6 catalyst, it was 
clearly observed that the amount of amor- 
phous material was significantly less than 
that for VTA-6. Figure 6 shows a reasonably 
sharply facetted rutile particle imaged in 
surface profile mode. Single-atom steps are 
visible on the otherwise flat surface. The 
zone axis orientation was verified through 
optical, simulated, and recorded diffraction 
patterns. Using the identified spacings for 
accurate scaling of the image, the thickness 
of the amorphous layer was determined to 
be less than 1.5 nm, as compared to 2.5 nm 
for VTA-6. Thus it seems that some of the 

vanadium has formed a solid solution in the 
rutile. 

The vanadium at the surface can be re- 
duced in situ by the electron beam, which 
earlier has been shown to be the case for 
TiOE(B)-supported samples (33). In the lat- 
ter case VOx, 0.8 -< x -< 1.2, a metal oxide 
with a basic defected sodium chloride struc- 
ture was formed (35). Figure 7 shows an 
image of a spherical VTR-6 particle where a 
few VOx-particles have been formed by 
beam irradiation of an otherwise clean 
surface. 

TiOE(B) support. Results from electron 
microscopy investigations of support and 
TiOE(B)-supported catalysts (33, 36) have 
been presented elsewhere, and will only be 
discussed briefly here. 

The support particles are rod-like with a 
typical width and length of around 0.2 x 8 
~m. In contrast to anatase and rutile sup- 
ports, the TiOE(B) particles are quite stable 
in the electron beam even when vanadium 
oxide has been deposited. 

It has been suggested (33, 36) that the 
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FIG. 5. Typical low-dose image of the anatase support with a loading corresponding to five theoretical 
V205 layers (VTA-6). The titania surface is covered with an amorphous vanadia layer, which is approxi- 
mately 2.5 nm thick. The electron beam is parallel to [111]. The left inset shows a simulated electron 
diffraction pattern (gl = (1,0, - 1); g2 = (0,1,-  1)). The right inset shows the recorded selected area 
diffraction pattern. 110- and 202-type of reflections are present due to dynamical diffraction. 

first layer formed on the support surface 
is epitaxially grown VO2(B)  (37), which is 
isostructural with TiOz(B) (18). This model 
was concluded from the absence of visible 
surface structures in HREM images of cata- 
lysts with low loadings, possibly due to iden- 
tical structures and the similar scattering 
power of Ti and V. Apart from FTIR mea- 
surements and EDS mapping, the presence 
of vanadium on the surface was also proven 
by irradiation with a focused electron beam. 
Irradiation produces reduced vanadium ox- 
ide particles on the surfaces, which is shown 
in Fig. 8. The apparent epitaxy of the VOx- 
particle in Fig. 8b is purely coincidental. 
Normally, no epitaxial relationship with the 
support is observed. 

Formation ofV205. At high vanadia load- 
ings, several indications were obtained for 
formation of some crystalline V205, espe- 

cially, on the surface of anatase and 
TiO2(B)-supported catalysts, e.g., by the 
use of X-ray powder diffraction and FTIR 
analyses. 

Small V205 particles could be identified on 
VTB-6 through their lattice spacing and abil- 
ity to be reduced in the beam. Figure 9a 
shows a particle with the main spacing con- 
sistent with d200 in VzO5 (0.576 nm) (22), ac- 
cording to optical diffraction. After a few 
minutes in the beam, the crystal became re- 
duced to VOx (Fig. 9b). The beam direction 
was [110] and the (002)- and (111)-type spots 
were identified in the optical diffractogram. 

Performance of Catalysts in the 
(Amm)oxidation of Toluene 

In Figs. 10-12, the rate per unit surface 
area for the formation of benzonitrile over 
the prepared catalysts is plotted as a func- 
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FIG. 6. A crystal of the VTR-6 catalyst viewed along the [111] direction. The indicated spacings of 0.33 
and 0.25 nm are between ( -  1,0,1) and ( - 1,1,0) atom planes, respectively, corresponding to the gl and 
g2 vectors in the inset recorded and simulated diffraction patterns. The amorphous layer is less than 
1.5 nm and markedly thinner than the corresponding layer on the VTA-6 catalyst, which indicates a 
solid solution of vanadium in rntile. 

tion of  the partial pressure of  NH3. For  all 
catalysts, the rate passes through a maxi- 
mum at low pressure of  NH 3 and at high 
pressures the rate declines slowly with in- 
crease in pressure. 

At a vanadium loading of  five theoretical 
layers,  Fig. 10, the rutile- and TiOz(B)-sup- 
ported catalysts are more active than the 
anatase-supported catalyst, Also, all sup- 
ported catalysts are more active than unsup- 
ported crystalline V205 . A comparison of 
the selectivity values for the formation of  
benzonitrile, which are included in Fig. 10, 
shows that the highest selectivity was ob- 
tained over  the TiOE(B)-supported catalyst. 

The rate and selectivity for nitrile forma- 
tion over  VTB-1.9 and VTA-1.9 (Fig. 11) are 
comparable to those measured over  VTB-6 
and VTA-6 (Fig. 10). However ,  the rate over  
VTR-1.9 is only half of  that for VTR-6. Data 

for VTMA, VTMB, and VTM R catalysts 
with a loading in the monolayer  range are 
given in Fig. 12. It is seen that the perfor- 
mances of  VTMB and VTMA are almost 
identical and that they give rates for  nitrile 
formation higher than those with VTM R and 
all other  preparations. 

Rates and selectivities for the formation 
of benzaldehyde measured in the absence of  
N H  3 are given in Table 3. There  is a general 
tendency toward an increase in both rate 
and selectivity with increase in vanadium 
loading, with the except ion that VTR-6 is 
slightly less selective than VTR-1.9. The ac- 
tivity and selectivity for  aldehyde formation 
over  the monolayer  samples VTMA, VTMB, 
and VTM R are less than the values for  crys- 
talline V205 . Only total combust ion was ob- 
served over  VTM a. The VTA-1.9, VTB-1.9, 
and VT R- 1.9 samples have activities that are 
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FIG. 7. Occasionally, evidence of particle formation was found. The image shows a spherical crystal 
(approximately 38 nm in diameter) of impregnated futile with two encircled particles. According to 
optical diffraction, the spacing in the arrowed particle is 0.210 -+ 0.007 nm, which is possibly the (200) 
spacing (0.206 nm) in VOx. VOw, thus formed by in situ reduction of vanadium oxide, has a basic rock 
salt structure. 

comparable to that of  crystalline V205, al- 
though some differences in selectivity val- 
ues can be observed.  At the highest loading, 
VTR-6 and VTB-6 are most  active; however ,  
VTA-6 is most  selective. 

DISCUSSION 

Structure of Active Phase 

Monolayer region. It has been proposed 
that vanadium oxide interacting with silica 
and y-alumina is insoluble in an ammoniacal 
solution (38). Support  that this is also the 
case for TiOE-supported vanadia catalysts 
can be found in the literature (3, 6, 29, 39). 
In the present  study, this inference is veri- 
fied by the fact that for the catalysts with 
the highest loading (VTA-6, VTB-6, VTR-6), 
the fraction of  vanadia found to be insoluble 
in NH3(aq) according to Table 2 constitutes 
70, 100, and 75% of a theoretical monolayer  
on anatase, TiO2(B), and rutile, respec- 

tively. A high dispersion and an interaction 
between vanadia and titania is also in 
agreement with the disappearance of  T i - O H  
infrared bands upon deposition of  vanadia 
(Fig. 1). 

TiO2(B) monolayer. In an earlier investi- 
gation of  TiO2(B)-supported catalysts,  it 
was found that the amount  of  vanadia that is 
insoluble in NH3(aq) rapidly increases with 
increase in loading and at high loadings 
never  exceeds 100% of  a theoretical  mono- 
layer (6). Also, as seen in Table 2, all the 
deposited vanadium can be dissolved in 
treatments with NH3(aq) and conc. H2SO 4 . 
It should be mentioned that TiOE(B) is not 
dissolved in these treatments.  These  results 
show that the vanadia species, which are 
insoluble in NH3(aq), are at the titania inter- 
face and do not form a solid solution in 
TiOE(B). HREM imaging of  samples with 
a low coverage (33, 36), showed that any 
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FIG. 8. (a) HREM image of an apparently clean surface of VTB-6. The unit cell b-axis is parallel with 
the surface. (b) The same crystal after irradiation with the electron beam. A particle (arrowed) of 
reduced vanadium oxide is formed on the surface. 

vanadia phase could only be distinguished 
after prolonged exposure of the sample to a 
fully converged electron beam, leading to 
reduction and formation of VOx with 0.8 --< 
x -< 1.2. This observation implies an epitac- 
tic growth process upon deposition of va- 
nadia on TiO2(B). According to the chemical 
analysis, the vanadia species interacting 
with TiO2(B) is in oxidation state + 4. Con- 
sequently, the monolayer possibly has a 
VO2(B)-like structure. In VO2(B), which is 
isostructural with TiO2(B), the vanadium 
has an octahedral coordination (37). The lat- 
ter coordination is not supported by re- 
ported IR spectra (6), which indicates the 
monolayer species to be tetrahedrally coor- 
dinated having one oxo-group. This anom- 
aly was explained as being due to atomic 
scale roughness of TiO2(B) surfaces (33); 
cf. Fig. 8. At the rough surfaces, possibly 
formed as a consequence of the acid leach- 
ing of the titanate precursor, a substantial 
amount of vanadium interacting with the 
support can be expected to be undercoordi- 

nated, thus explaining a tetrahedral coordi- 
nation at low coverage. 

The presence of tetrahedral monolayer 
species on TiO2(B) is further supported by 
the ESR spectral envelope in Fig. 3 of VT B- 
1.9, which shows features arising from mul- 
tiple magnetic species. Our recent spectral 
simulation (40) suggested the presence of at 
least two vanadia species in addition to a 
third broad feature, which was not simu- 
lated. At coverages below three layers of 
vanadia, a magnetic species, which may be 
attributable to tetrahedral states of vana- 
dium, was found to dominate the resonance. 
An absolute analysis of the spin density gave 
a value of 1.65 x 10 -4  mole va+/g-catalyst 
for VTB-1.9. This value agrees well with the 
number determined by chemical analysis, 
which is 1.82 x 10 -4 mole v-a/g-catalyst. 
The ESR spectrum in Fig. 3 of the VTM B 
sample shows increased dipolar broadening 
and the resolution of multiple magnetic spe- 
cies cannot be made. Thus, the monolayer 
produced by NH3(aq)-washing may be a reg- 
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FIG. 9. (a) A particle, approximately 30 nm thick, found on the surface of VTB-6. The indicated spacing 
corresponds to d200 in V205. (b) On irradiation, the V205 quickly transforms to VO/, which can be 
identified by the (002) and (111) reflections in the optical diffraction patterns. The corresponding 
spacings are 0.204 and 0.237 nm, respectively. Note that the surrounding TiO2(B) support particles are 
virtually unaffected by the electron beam. 

ular layer in which V + 4 - V  +4 interactions 
dominate. Formation of  a layer of  intercon- 
nected vanadia species is in agreement with 
the result of  chemical analysis, which in the 
case of VTM B shows the presence of  a com- 
plete monolayer.  

Anatase monolayer. The ability of  va- 
nadia to wet anatase surfaces is well known 
(9, 13). In agreement with this ability, the 
absolute amount  of vanadia found to be in- 
soluble in NH3(aq) is almost the same for 
VTA-6 and VTA-1.9 (Table 2). Considering 
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FIG. 10. Rate for formation of benzonitrile over 5-layer catalysts versus partial pressure of NH3. The 
partial pressures of toluene and oxygen were 0.77 and 11.4 kPa, respectively. Selectivity values for 
nitrile formation are inserted. 

these values, it can be concluded that the 
monolayer capacity on anatase is about 
70-75% of a theoretical layer. This high 
value is in agreement with those obtained 
by others (15, 41), even though considerably 
lower values have also been reported (5, 17, 

29, 42). According to the chemical analysis, 
the average oxidation number of monolayer 
vanadia is 4.8, indicating 80% of V 5 + species 
and 20% of V 4+ species. Also, Trifirb and 
co-workers have found both V 4÷ and V 5+ 
species interacting strongly with anatase (3, 
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FIG. 11. Rate for formation of benzonitrile over 1.5-layer catalysts versus partial pressure ofNH3. The 
partial pressures of toluene and oxygen were 0.77 and 11.4 kPa, respectively. Selectivity values for 
nitrile formation are inserted. 
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FIG. 12. Rate for formation of  benzonitrile over  NH3(aq)-treated catalysts versus partial pressure of  
NH3. The partial pressures of toluene and oxygen were 0.77 and 11.4 kPa, respectively. Inserted are 
selectivities for nitrile formation. 

29, 43). However,  they proposed (3) that 
the true monolayer was built up from W + 
species since with increase in loading, the 
amount of V 4÷ species approached at con- 
stant value close to that of a theoretical 
monolayer. Other investigators, on the basis 
of EXAFS (11), XPS (5), and TPR (15, 17) 
results, have concluded that the monolayer 
on anatase is fully oxidized. Our result is in 
close agreement with that of Gasior et al. 
(8). They reported about 15% of V 4+ around 
monolayer coverage. 

The presence of V 4÷ species on anatase 
was confirmed by ESR (Fig. 3). The primary 
resonance, in the VTA-1.9 sample, is a broad 
line displaying weakly resolved hyperfine 
components. Similar spectral features are 
shown by the VTMA sample; however, a 
large shift in the (g) is observed. This is 
readily apparent in Fig. 3 as the spectra are 
aligned with magnetic field position. Simula- 
tion of these spectra show a small compo- 
nent of the signal arising from V 4+ in a 
"rutile-like" environment. The shift in (g) 
for the VTMA sample is the result of a 

greater density of V4÷/rutile states. A high 
degree of V 4 + - V  4+ interaction is in both 
cases suspected because of the poor resolu- 
tion of hyperfine components. 

The infrared spectrum for VTMA in Fig. 
1 shows a band at 3652 cm- 1 and a shoulder 
at 3627 cm- =. Clearly, these are not anatase 
bands. From a comparison with reported 
spectra (26, 27), it can be suggested that 
they are V - O H  bands from monolayer spe- 
cies. Our infrared investigation of anatase 
and rutile-supported samples did not permit 
the study of vanadium-oxygen vibrations in 
the region below 1100 cm- ~ due to the strong 
absorption of the support. In our previous 
study of TiO2(B)-supported samples, resolu- 
tion of v(VO) fundamentals was found possi- 
ble (6). However, Cristiani et al. (44) using 
Raman and IR spectroscopy concluded that 
the monolayer on anatase consists of mon- 
oxo-vanadyl species. Therefore, it seems 
reasonable to assign the monolayer as in- 
terconnected oxyhydroxy species in 
agreement with the proposal of Bond et al. 
(15). This assignment, however, is in con- 
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TABLE 3 

Activity and Selectivity for the Formation 
of Benzaldehyde a 

Catalyst Activity Selectivity 
(/zmole/m2min) (%) 

VTA-6 1.90 56 
VTB-6 3.80 51 
VTR-6 4.10 40 
VTA-1.9 1.64 56 
VTB-1.9 2.00 37 
VTR-1.9 1.70 45 
VTMA 1.00 13 
VTMB 0.00 0 
VTMR 1.22 29 
V205 1.70 45 

a 370oc. The partial pressures of toluene and oxygen 
were 0.77 and 11.42 kPa, respectively. 

flict with the conclusion based on EXAFS 
data (11, 41) that the monolayer consists of 
monodispersed VO4 units with two bridging 
oxygens and two projecting oxo-species. 

Rutile monolayer. It is well known that 
V 4÷ dissolves in rutile forming a solid solu- 
tion (45). Formation of a solid solution in 
the case of VTR-6, VTR-I.9, and VTMR can 
be concluded from the data in Table 2. In 
the treatments with NH3(aq) and conc. 
H2SO 4, the total amount of vanadium 
loaded was not dissolved. Thus, the missing 
part must be in the rutile lattice. For VTR- 
6, VTR-1.9, and VTM R this amount is 5, 58, 
and 71%, respectively, of their total content 
of vanadium, corresponding to 25, 87, and 
71%, respectively, expressed in terms of the 
theoretical monolayer capacity. The indica- 
tion of a relatively smaller amount of V 4÷ in 
rutile at the highest loading can be explained 
by an adhesion of V 4÷ species to superlayer 
vanadia stronger than that to titania. Sup- 
port for this conclusion is also found by 
comparing the values for VTR-6 and VTMR. 
After dissolution of V 5÷ species in NH3(aq) 
and further calcination, the absolute amount 
of V 4÷ dissolved in conc. H2SO4 decreases 
by almost a factor of 3. 

Formation of a solid solution was also 
concluded after comparing the thickness of 

the amorphous vanadia layer on VTA-6 and 
VTR-6 (Figs. 5 and 6), which is 2.5 and 1.5 
nm, respectively. The comparison indicates 
that for VTR-6, 40% of total vanadia could 
be in futile. However, the chemical analysis 
of VTR-6 shows 15% of V 4+ and an addi- 
tional 5% that is not dissolved in the treat- 
ments with NHa(aq) and conc. HESO 4. A 
limit of 5% of the total vanadium in solid 
solution, which could be inferred from the 
missing part of vanadia in the chemical anal- 
ysis, is not consistent with HREM images. 
To calculate the amount of vanadia from 
micrographs is difficult, which can at least 
explain the difference of a factor of two in 
the total amount of V 4+ obtained from the 
two methods. Consequently, it seems that 
the titania interface is a solid solution of 
V 4 +in futile with a thickness of a few atomic 
layers. The fraction of monolayer vanadia 
given in Table 2 for rutile-supported cata- 
lysts can be obtained from the outer part of 
the titania interface, where the V 4+ concen- 
tration is the highest. Possibly, parts of in- 
terconnected V +4 species in rutile are dis- 
solved in the treatment with acid. 

A clean, well-resolved axial resonance 
spectrum arising from a single type of iso- 
lated V 4+ is observed for VTR-1.9 in Fig. 3. 
Such spectral features, which have also 
been observed by others (46), are in 
agreement with the formation of a solid solu- 
tion between vanadia and rutile. The separa- 
tion distance and interaction with coordi- 
nated oxygen species reduce or eliminate 
V 4 + - V  4+ interaction. The VTM R spectrum 
shows two overlapping features, one of 
which is virtually identifiable with that ob- 
served in VTR-1.9. The second species 
shows the effect of dipolar broadening and 
may result from chemical changes in ex- 
posed vanadia, which are induced by the 
NH3(aq)-washing process. 

Superlayer region. On the three TiO 2 
polymorphs, vanadium above the mono- 
layer region according to chemical analysis 
is mainly V 5+, although ESR spectra show 
the presence of some V 4÷. HREM images 
of VTB-6, in the initial state, are without any 
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anomalous surface structure, e.g., Fig. 8a. 
This observation indicates the existence of 
epitaxially grown vanadia on TiO2(B). The 
presence of vanadia at the catalyst surface 
is confirmed by the appearance of particles 
of reduced vanadium oxide, formed upon 
irradiation for a few minutes with a fully 
converged electron beam; cf. Fig. 8b. Addi- 
tionally, small crystalline V205 particles are 
present as is shown in Fig. 9a. The formation 
of some crystalline V205 is also confirmed 
by the IR spectrum in Fig. 2. 

On both anatase and rutile support, the 
formation of an amorphous overlayer of va- 
nadium oxide is observed (Figs. 5 and 6). 
Considering the IR spectra in Fig. 2, it is 
clear that some crystalline V205 is present, 
especially on VTA-6. The observation of for- 
mation of amorphous vanadia on anatase is 
consistent with earlier HREM work (17, 47). 
Unlike previous reports, neither an epitaxy 
between V205 and anatase (47), nor the for- 
mation of a thin futile layer between the 
vanadia and anatase lattices (47, 48), could 
be observed using HREM. However, as was 
mentioned above, a small component of the 
ESR signal of the anatase-supported cata- 
lysts can be attributed to V 4÷ in a rutile-like 
environment. 

Catalytic Performances 
Consideration of Figs. 10-12 shows that 

for nitrile formation, the VTM A and VTM B 
monolayer catalysts are more active than 
those of higher loadings. However, for 
TiOE(B)-supported samples, the selectivity 
for nitrile formation increases with increase 
in loading. Among the ruffle-supported cata- 
lysts, VTM R is less active but more selective 
than VTR-6. Interestingly, all the true mono- 
layer samples show poor performance for 
the oxidation of toluene to benzaldehyde. 
For this reaction, the catalysts with five the- 
oretical vanadia layers are to be preferred, 
also when compared with crystalline V205 . 

The present finding that a monolayer on 
anatase (VTMA) is good for toluene ammox- 
idation is in agreement with a study of the 
same reaction over vanadia/anatase cata- 

lysts prepared by flash-drying (3). In the 
latter investigation, contradictory to the 
present results, amorphous vanadia was 
concluded to be inactive. Concerning the 
oxidation to benzaldehyde, Table 3 shows 
VTA-6 and VTA-1.9 to be comparable. A 
catalytic performance, which is almost inde- 
pendent of the concentration of vanadia at 
intermediate loading, has also been ob- 
served using anatase and Degussa P25- 
supported catalysts for the oxidation of 
o-xylene to phthalic anhydride (2, 8) and 
toluene to benzoic acid (7). For these reac- 
tions, contradictory to the present results on 
aldehyde formation, it was concluded that 
monolayer species are both active and selec- 
tive, while multilayers and V205 give a negli- 
gible contribution, due to either their small 
exterior surface or their low activity (2, 7). 

With the increase in vanadia loading on 
ruffle support, the catalytic performance in 
the oxidation of o-xylene has been reported 
to approach that of crystalline V205 (8). An- 
other investigation (9) showed that the va- 
nadia overlayer on rutile is unstable and 
shrinks to form a heterogeneous mixture of 
V205 and rutile. The present investigation, 
in agreement with an earlier report (39), 
shows the vanadia on rutile to be both struc- 
turally (Fig. 6) and catalytically (Figs. 
10-12, Table 3) different from crystalline 
V205 • 
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