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Vanadium oxide–zirconia catalysts were prepared by dry impreg-
nation of powdered Zr(OH)4 with an aqueous solution of NH4VO3.
The surface characterization of prepared catalysts was performed
using FTIR, DSC, 51V solid state NMR, and XRD, and by the mea-
surement of surface area. The addition of vanadium oxide up to
9 mol% to zirconia shifted the phase transitions of ZrO2 from amor-
phous to tetragonal toward higher temperatures due to the interac-
tion between vanadium oxide and zirconia. On the basis of results of
IR, XRD, and DSC, it is concluded that the content of V2O5 mono-
layer covering most of the available zirconia is 9 mol%, giving 2.3
V2O5 molecules/nm2. Since the ZrO2 dispersed vanadium oxide,
the crystalline V2O5 was observed only with the samples contain-
ing V2O5 content exceeding the formation of complete monolayer
(9 mol%) on the surface of ZrO2. For the samples calcined at 673 K
the acidity and surface area increase abruptly upon the addition
of 0.2 mol% V2O5 to ZrO2, and then both of them increase with
increasing V2O5 content up to 5 mol%, showing the presence of
Brønsted and Lewis acid sites on the V2O5/ZrO2 catalyst. c© 1996

Academic Press, Inc.

INTRODUCTION

Supported metal oxides exhibit interesting catalytic be-
havior depending on the kind of support, the content of
active component, and the preparation method (1, 2). In
particular, vanadium oxide catalysts in combination with
various promoters are widely used for several reactions in-
cluding oxidation of hydrocarbons (3, 4), ammoxidation of
aromatics and methylaromatics (5), and selective catalytic
reduction of NOx by NH3 (6). These systems have also been
found to be effective catalysts for the oxidation of methanol
to methylformate (7, 8). Much research has been done to
understand the nature of active sites and the surface struc-
ture of catalysts, as well as the role played by the promoter of
the supported catalysts, using IR, XRD, E.S.R., and Raman
spectroscopy (8–11). So far, however, they have been stud-
ied mainly on titania and alumina (12–15), and only a small
amount of work was studied for the ZrO2 support (16–18).

Zirconia is an important material due to its interesting
thermal and mechanical properties and so has been invest-

1 To whom correspondence should be addressed.

igated as a support and catalyst in recent years. Different
papers have been devoted to the study of ZrO2 catalytic
activity in important reactions such as methanol and hydro-
carbon synthesis from CO and H2 or CO2 and H2 (19, 20) or
alcohol dehydration (21, 22). Zirconia has been extensively
used as a support for metals or incorporated in supports
to stabilize them or make them more resistant to sintering
(23–25). ZrO2 activity and selectivity highly depend on the
methods of preparation and the treatment used. In partic-
ular, in previous papers from this laboratory, it has been
shown that NiO–ZrO2 and ZrO2 modified with sulfate ion,
and CrOx–ZrO2 are very active for acid-catalyzed reactions
(26–28). The high catalytic activities in the above reactions
were attributed to the enhanced acidic properties of the
modified catalysts, which originate from the inductive ef-
fect of S==O or Cr==O bonds of the complexes formed by
the interaction of oxides with the sulfate or chromate ions.

It is well known that the dispersion and the structural
features of supported species may strongly depend on
the support. Structure and physicochemical properties of
supported metal oxides are considered to be in different
states compared with bulk metal oxides because of their
interaction with supports. This paper describes the surface
characterization of vanadium oxide supported on zirconia.
The characterization of the samples was performed by
means of Fourier transform infrared (FTIR), X-ray diffrac-
tion (XRD), solid state 51V nuclear magnetic resonance
(51V NMR), differential scanning calorimetry (DSC), and
measurement of surface area.

EXPERIMENTAL

Catalyst Preparation

The precipitate of Zr(OH)4 was obtained by adding aque-
ous ammonia slowly into an aqueous solution of zirconium
oxychloride at room temperature with stirring until the pH
of mother liquor reached about 8. The precipitate thus
obtained was washed thoroughly with distilled water un-
til chloride ion was not detected, and was dried at room
temperature for 12 h. The dried precipitate was powdered
below 100 mesh.
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The catalysts containing various vanadium oxide con-
tents were prepared by dry impregnation of powdered
Zr(OH)4 with an aqueous solution of NH4VO3 followed
by calcining at high temperature for 1.5 h in air. This series
of catalysts is denoted by their mole percentage of V2O5.
For example, 1-V2O5/ZrO2 indicates the catalyst containing
1 mol% V2O5.

Characterization

FTIR absorption spectra of V2O5/ZrO2 powders were
measured by the KBr disk method over the range 1200–
400 cm−1. The samples for the KBr disk method were pre-
pared by grinding a mixture of the catalyst and KBr powders
in an agate mortar and pressing them in the usual way. FTIR
spectra of pyridine adsorbed on the catalyst were obtained
in a heatable gas cell at room temperature using a Mattson
Model GL 6030E spectrophotometer. The self-supporting
catalyst wafers contained about 9 mg/cm2. Prior to obtain-
ing the spectra the samples were heated under vacuum at
673 ∼ 773 K for 1.5 h.

Catalysts were checked in order to determine the struc-
ture of the support as well as that of vanadium oxide by
means of a Jeol Model JDX-8030 diffractometer, employ-
ing CuKα (Ni-filtered) radiation.

51V NMR spectra were measured by a Bruker MSL400
spectrometer with a static magnetic field strength of 9.4 T.
Larmor frequency was 105.25 MHz. The ordinary single
pulse sequence was used, in which the pulse width was set
at 0.8 µs and the repetition time was 0.1 s. The π /2 pulse
width adjusted for solution was 12 µs. The spectral width
was 1.25 MHz. The number of scans was varied from 1000
to 12,000, depending on the concentration of vanadium.
The signal was acquired from the time point 4 µs after the
end of the pulse. The sample was static, and its temperature
was ambient (294 K). The spectra were expressed with the
signal of VOCl3 being 0 ppm, and the higher frequency shift
from the standard was positive. Practically, 0.16 M NaVO3

aqueous solution (−574.28 ppm) was used as the second
external reference (29).

DSC measurements were performed by a PL-STA model
1500H apparatus in air, and the heating rate was 5 K per
minute. For each experiment 10–15 mg of sample was used.

The specific surface area was determined by applying the
BET method to the adsorption of N2 at 77 K. Chemisorption
of ammonia was also employed as a measure of the acidity
of catalysts. The amount of chemisorption was obtained as
the irreversible adsorption of ammonia (30, 31).

RESULTS AND DISCUSSION

Infrared Spectra

Figure 1 shows infrared spectra of V2O5/ZrO2 cata-
lysts with various content calcined at 673 K for 1.5 h.

FIG. 1. Infrared spectra of (a) 5-V2O5/ZrO2, (b) 9-V2O5/ZrO2,
(c) 15-V2O5/ZrO2, (d) 20-V2O5/ZrO2, and (e) V2O5.

Although with samples below 15 mol% of V2O5 the defi-
nite peaks were not observed, the absorption bands at 1020
and 818 cm−1 appeared for 15-V2O5–ZrO2, 20-V2O5–ZrO2,
and pure V2O5 containing high V2O5 content. The band
at 1020 cm−1 is assigned to the V==O stretching vibration,
while that at 818 cm−1 is attributable to the coupled vibra-
tion between V==O and to V–O–V (32). Generally, the IR
band of V==O in crystalline V2O5 shows at 1020–1025 cm−1

and the Raman band at 995 cm−1 (4, 33). As shown in Fig. 1,
the catalysts at vanadia loadings below 15 mol% have no
absorption bands due to crystalline V2O5.

Crystalline Structure of Catalyst

The crystalline structure of V2O5/ZrO2 calcined in air at
different temperatures for 1.5 h was examined. As shown in
Fig. 2, ZrO2 was amorphous to X-ray diffraction up to 573 K,
with a two-phase mixture of the tetragonal and monoclinic
forms at 623–873 K, and a monoclinic phase at 973 K. Three
crystal structures of ZrO2, tetragonal, monoclinic, and cubic
phases, have been reported (34, 35).

However, in the case of supported vanadium oxide cata-
lysts the crystalline structures of samples were different
from that of support, ZrO2. For the 2-V2O5/ZrO2, as shown
in Fig. 3, ZrO2 was amorphous to X-ray diffraction up to
623 K. In other words, the transition temperature from
amorphous to tetragonal phase was higher by 50 K than that
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FIG. 2. X-ray diffraction patterns of ZrO2 calcined at different tem-
peratures for 1.5 h. ◦, tetragonal phase ZrO2; •, monoclinic phase ZrO2.

of pure ZrO2. X-ray diffraction data indicated a tetragonal
phase of ZrO2 at 673 K, a two-phase mixture of the tetrago-
nal and monoclinic ZrO2 at 773 ∼ 973 K, and a monoclinic
phase of ZrO2 at 1073 K. It is assumed that the interac-
tion between vanadium oxide and ZrO2 hinders the tran-
sition of ZrO2 from amorphous to tetragonal phase (28).
The presence of vanadium strongly influences the develop-
ment of textural properties with temperature in compari-
son with pure ZrO2. Moreover, for the samples of 5-V2O5/
ZrO2 and 9-V2O5/ZrO2, the transition temperature from
amorphous to tetragonal phase was higher by 150 and 200
K than that of pure ZrO2, respectively. That is, the more the
content of vanadium, the higher the transition temperature
up to 9 mol%. For the samples above 9 mol%, however, the
transition temperature did not increase more successively.
These results are in agreement with those of DSC described
later. As shown in Fig. 4, 5-V2O5/ZrO2 was amorphous to
X-ray diffraction up to 673 K, with a tetragonal phase of
ZrO2 at 773 K, a two-phase mixture of the tetragonal and
monoclinic at 873–973 K, and a monoclinic phase at 1073 K.
As shown in Fig. 5, 9-V2O5/ZrO2 was amorphous to X-ray
diffraction up to 773 K, with a tetragonal phase of ZrO2 at
873 K and a monoclinic phase at 973–1073 K. No phases of
vanadium oxide were observed up to 9 mol% at any calcina-
tion temperature, indicating a good dispersion of vanadium

FIG. 3. X-ray diffraction patterns of 2-V2O5–ZrO2 calcined at differ-
ent temperatures for 1.5 h. ◦, tetragonal phase ZrO2; •, monoclinic phase
ZrO2.

FIG. 4. X-ray diffraction patterns of 5-V2O5–ZrO2 calcined at differ-
ent temperatures for 1.5 h. ◦, tetragonal phase ZrO2; •, monoclinic phase
ZrO2.
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FIG. 5. X-ray diffraction patterns of 9-V2O5-ZrO2 calcined at differ-
ent temperatures for 1.5 h. ◦, tetragonal phase ZrO2; •, monoclinic phase
ZrO2.

oxide on the surface of the ZrO2 support due to the inter-
action between them. These results are in good agreement
with those of IR and 51V NMR in Figs. 1 and 8.

As shown in Fig. 6, however, for 15-V2O5/ZrO2 the cubic
phase of ZrV2O7 was observed in the samples calcined at
873 K, and the diffraction pattern at 973 K may point to a
coexisting crystalline V2O5 phase. At 1073 K of calcination
temperature the peak intensities of ZrV2O7 decreased to
some extent, resulting from thermal decomposition of the
ZrV2O7 into zirconia and vanadia (36). Consequently, for
sample calcined at 1173 K the ZrV2O7 phase disappeared
due to the complete decomposition of ZrV2O7, leaving only
the V2O5 phase and the monoclinic phase of ZrO2. These
results are in agreement with those of 51V solid state NMR
described later. In view of IR (Fig. 1) and NMR (Fig. 8), for
high V2O5 loading samples, 15-V2O5/ZrO2, and 20-V2O5/
ZrO2 calcined at 673 K, the crystalline of V2O5 is observed
clearly. However, as shown in Fig. 6, the crystalline V2O5 on
X-ray diffraction pattern is not found at 673 K of calcina-
tion temperature. This indicates that for samples calcined
at 673 K the V2O5 crystallites formed are less than 4 nm
in size, that is, beyond the detection capability of the XRD
technique.

Thermal analysis

In X-ray diffraction pattern, it was shown that the struc-
ture of V2O5/ZrO2 was different depending on the cal-

FIG. 6. X-ray diffraction patterns of 15-V2O5-ZrO2 calcined at differ-
ent temperatures for 1.5 h. ◦, tetragonal phase ZrO2; •, monoclinic phase
ZrO2; 4, orthorhombic phase V2O5; , cubic phase ZrV2O7.

cined temperature. To examine thethermal properties of
precusors of samples more clearly, their thermal analysis
was carried out and illustrated in Fig. 7. For pure ZrO2,
the DSC curve shows a broad endothermic peak below
453 K due to water elimination, and a sharp and endother-
mic peak at 702 K due to the ZrO2 crystallization (37). In
the case of V2O5/ZrO2, two additional endothermic peaks
appear at about 454 and 563 K due to the revolution of
NH3 and H2O decomposed from NH4VO3. Also it is con-
sidered that an endothermic peak at 947 K is responsible
for the melting of V2O5 and an exothermic peak around
989 K is due to the formation of ZrV2O7 crystalline de-
scribed in X-ray diffraction patterns. However, it is of in-
terest to see the influence of vanadium oxide on the crys-
tallization of ZrO2 from amorphous to tetragonal phase.
As Fig. 7 shows, the exothermic peak due to the crystal-
lization appears at 702 K for pure ZrO2, while for V2O5

/ZrO2 samples it is shifted to higher temperatures. The
shift increases with increasing vanadium oxide content up
to 9 mol% of V2O5. Consequently, the exothermic peaks
appear at 710.1 K for 1-V2O5/ZrO2, 830.7 K for 5-V2O5/
ZrO2, and 874.6 K for 9-V2O5/ZrO2.

For the samples above 9 mol% of V2O5, however, the shift
of transition temperature did not occur more successively,
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FIG. 7. DSC curves of precursors of catalysts: (a) ZrO2, (b) 1-V2O5/
ZrO2, (c) 5-V2O5/ZrO2, (d) 9-V2O5/ZrO2, (e) 15-V2O5/ZrO2, (f) 20-V2O5

/ZrO2, and (g) NH4VO3.

resulting in agreement with those of X-ray diffraction pat-
terns described above. For the samples above 9 mol%, no
further shift of transition temperature means that the con-
tent of vanadium oxide exceeding 9 mol% does not interact
with the surface of zirconia. Moreover, as shown in Fig. 7,
the results that the endothermic peaks at 947 K due to the
melting of V2O5 are not observed for samples containing
low content of V2O5 up to 9 mol% support the above discus-
sion more absolutely. That is, it is clear that the interaction
between V2O5 forming a monolayer on the surface of ZrO2

and zirconia prevents V2O5 from melting and then only the
amount of V2O5 exceeding 9 mol% melts easily.

On zirconia the V2O5 may be present as a monomolec-
ular dispersion, covering most of the available surface
(38). In view of results of IR, XRD, and DSC, it is con-
cluded that the content of V2O5 forming a complete V2O5

monolayer on the surface of zirconia below the transition
temperature of ZrO2 is 9 mol%. It is relevant that the
strong interaction between vanadium oxide and zirconia
delays the transition of ZrO2 from amorphous to tetragonal
phase.

As shown in Fig. 10, the surface area of 9-V2O5/ZrO2 is
150.0 m2/g which is mainly contributed by ZrO2, because
V2O5 plays a role to protect the catalyst from sintering. So,
we can calculate the area of one V2O5 molecule occupying
the surface of ZrO2 giving 2.3 molecules nm−2. This result is
very similar with 2.4 molecules nm−2 assumed by Hatayama
et al. (12).

51V Solid State NMR Spectra

Solid state NMR methods represent a novel and promis-
ing approach to vanadium oxide catalytic materials. The
solid state 51V NMR spectra of V2O5/ZrO2 catalysts cal-
cined at 673 K are shown in Fig. 8. There are three types of
signals in the spectra of catalysts with varying intensities de-
pending on V2O5 content. At the low loadings up to 9 mol%
V2O5 a shoulder at about −300 ppm and the intense peak
at −500∼650 ppm are observed. The former is assigned to
the surface vanadium–oxygen structures surrounded by a
distorted octahedron of oxygen atoms, while the latter is
attributed to the tetrahedral vanadium–oxygen structures
(39, 40).

However, the surface vanadium oxide structure is re-
markably dependent on the metal oxide support material.
Vanadium oxide on TiO2 (anatase) displays the highest
tendency to be six-coordinated at low surface coverages,
while in the case of γ -Al2O3 a tetrahedral surface vanadium
species is the favored (39). As shown in Fig. 8, at low vana-
dium loadings on ZrO2 a tetrahedral vanadium species is
exclusively dominant compared with an octahedral species.
In general, it is known that low surface coverages favor a
tetrahedral coordination of vanadium oxide, while at higher
surface coverages vanadium oxide becomes increasingly
octahedral-coordinated.

In order to calculate the relative amount of surface vana-
dium species the curve was analyzed by appropriate curve
fitting as shown in Fig. 8. For 2-V2O5/ZrO2 the amount
of tetrahedral vanadium species was 86.5%, while that

FIG. 8. Solid state 51V NMR spectra of V2O5/ZrO2 catalysts calcined
at 673 K.
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of octahedral species was estimated to be 13.5%. For 5-
V2O5/ZrO2 and 9-V2O5/ZrO2 the percentage of octahe-
dral species was estimated to be 17.6 and 21.7%, respec-
tively. Namely, the relative amount of octahedral vanadium
species increased with increasing vanadium loading. This
finding agrees with earlier results of other workers (39, 40).

Increasing the V2O5 content on the ZrO2 surface changes
the shape of the spectrum to a rather intense and sharp
peak at about −300 ppm and a broad low-intensity peak at
about −1400 ppm, which are due to the crystalline V2O5 of
square pyramid coordination (39). These observations of
crystalline V2O5 for samples containing high V2O5 content
above 9 mol% are in good agreement with the results of the
IR spectra in Fig. 1. The spectra of 15-V2O5/ZrO2 calcined
at various temperatures are shown in Fig. 9. The shape of
the spectrum is very different depending on the calcination
temperature. For sample calcined at 673 K, a sharp peak at
−300 ppm due to the crystalline V2O5 and an intense peak
at −613 ppm attributable to V atoms in tetrahedral envi-
ronment are observed. However, for sample calcined at 873
K, in addition to the above two peaks a sharp peak at −800
ppm due to crystalline ZrV2O7 appeared, indicating the for-
mation of a new compound from V2O5 and ZrO2 at high
calcination temperature. As shown in Fig. 6, for samples cal-
cined at 873–1073 K X-ray diffraction patterns of ZrV2O7

were observed. Roozeboom et al. reported the formation
of ZrV2O7 from V2O5 and ZrO2 at 873 K of calcination
temperature (36, 38). At 1073 K of calcination tempera-
ture only a peak at −802 ppm due to the ZrV2O7 phase
appeared, saying that most of V2O5 on the surface of ZrO2

was consumed to form the ZrV2O7 compound. However,

FIG. 9. Solid state 51V NMR spectra of 15-V2O5/ZrO2 catalysts cal-
cined at different temperatures.

at 1173 K of calcination temperature we can observe only a
sharp peak of crystalline V2O5 at −294 ppm, indicating the
decomposition of ZrV2O7. These results are in good agree-
ment with those of the X-ray diffraction patterns in Fig. 6.
In the X-ray diffraction pattern of 15-V2O5/ZrO2 calcined
at 1173 K we can observe the presence of crystalline V2O5

and monoclinic ZrO2 produced through the complete de-
composition of ZrV2O7.

Surface Properties

It is necessary to examine the effect of vanadium oxide
on the surface properties of catalysts, that is, specific surface
area, acidity, and acid strength. The specific surface areas of
samples calcined at 873 K for 1.5 h are plotted as a function
of vanadium content in Fig. 10. The presence of vanadium
oxide strongly influences the surface area in comparison
with the pure ZrO2. Specific surface areas of V2O5/ZrO2

samples are much larger than that of pure ZrO2 calcined at
the same temperature, showing that surface area increases
gradually with increasing vanadium content. It seems likely
that the interaction between vanadium oxide and ZrO2 pro-
tects catalysts from sintering. The dependence of the anti-
sintering effect on vanadium oxide content is clear from
Fig. 10. However, the surface areas for 5-V2O5/ZrO2 and
9-V2O5/ZrO2 are nearly the same, indicating that there is
no correlation between surface area and V2O5 content at
high coverage above 5 mol%.

The acid strength of the catalysts was examined by a color
change method, using Hammett indicator (41) in dried ben-
zene. Since it was very difficult to observe the color of
indicators adsorbed on catalysts of high vanadium oxide
content, a low percentage of vanadium content (0.1 mol%)
was used in this experiment. The results are listed in Table 1.
In this table, (+) indicates that the color of the base form

FIG. 10. Variation of surface area of V2O5/ZrO2 calcined at 673 K
with vanadium oxide content.
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TABLE 1

Acid Strength of Catalysts

pKa value
Hammett indicator of indicator ZrO2 0.1-V2O5/ZrO2

Dimethylyellow + 3.3 + +
Dicinnamalacetone −3.0 + +
Benzalacetophenone −5.6 + +
Anthraquinone −8.2 − +
P-Nitrotoluene −11.35 − +
Nitrobenzene −12.4 − −
2,4-Dinitrofluorobenzene −14.5 − −

was changed to that of the conjugated acid form. ZrO2 eva-
cuated at 673 K for 1 h has an acid strength Ho ≤ −5.6, while
0.1-V2O5/ZrO2 was estimated to have a Ho≤−11.35, indi-
cating the formation of new acid sites stronger than those
of oxide components.

The acidity of catalysts, as determined by the amount of
NH3 irreversibly adsorbed at 503 K (30), is plotted as a func-
tion of the vanadium content in Fig. 11. Although pure ZrO2

showed the acidity of 0.02 meq/g, 0.2-V2O5/ZrO2 resulted
in a remarkable increase in acidity (0.13 meq/g). As shown
in Fig. 11, the acidity increases abruptly upon the addition
of 0.2 mol% vanadium to ZrO2, and then the acidity in-
creases very gently with increasing vanadium oxide content
reaching a maximum at 9-V2O5/ZrO2. In view of Figs. 10
and 11, it is clear that the acidity runs parallel with the sur-
face area, meaning that the values of acidity per surface area
are nearly the same for all samples. Many combinations of
two oxides have been reported to generate acid sites on
the surface (42–44). The combination of ZrO2 and V2O5

probably generates stronger acid sites and more acidity as
compared with the separate components. A mechanism for

FIG. 11. Acidity of V2O5/ZrO2 against vanadium oxide content.

FIG. 12. Infrared spectra of pyridine adsorbed on 0.3-V2O5/ZrO2: (a)
background of 0.3-V2O5/ZrO2, (b) pyridine adsorbed on 0.3-V2O5/ZrO2,
and (c) pyridine adsorbed on ZrO2. Gas phase was evacuated at 250◦C for
1 h after adsorption in (b) and (c).

the generation of acid sites by mixing two oxides has been
proposed by Tanabe et al. (42). They suggest that the acidity
generation is caused by an excess of a negative or positive
charge in a model structure of a binary oxide related to the
coordination number of a positive element and a negative
element.

Infrared spectroscopic studies of pyridine adsorbed on
solid surfaces have made it possible to distinguish between
Brønsted and Lewis acid sites (45). Figure 12 shows the IR
spectra of pyridine adsorbed on 0.3-V2O5/ZrO2 and ZrO2

evacuated at 673 K for 1 h. For 0.3-V2O5/ZrO2 the bands at
1533 are the characteristic peaks of pyridinium ion, which
are formed on the Brønsted acid sites and the other set of
adsorption peaks at 1445 cm−1 is contributed by pyridine
coordinately bonded to Lewis acid sites (46), indicating the
presence of both Brønsted and Lewis acid sites. Other sam-
ples having different vanadium content also showed the
presence of both Lewis and Brønsted acids.

However, the only coordinated pyridine band at
1445 cm−1 is founded with ZrO2. It is clear that the new
Brønsted acid site which is not present on pure ZrO2 is
formed by the addition of V2O5 to ZrO2. Miyata et al. re-
ported that only Lewis acidity appears at low vanadium
loading, while the catalyst after water treatment exhibits
Brønsted acidity (16). The difference in our results and
their results may be attributed to the different prepara-
tion method of the catalyst. They prepared vanadium–
zirconia catalysts by a gas-phase method using VOCl3
vapor, whereas we prepared them by the impregnation
method using aqueous NH4VO3 solution.
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CONCLUSIONS

This paper has shown that a combination of FTIR, DSC,
NMR, and XRD can be used to perform the surface cha-
racterization of V2O5/ZrO2 prepared by dry impregnation.
The interaction between vanadium oxide and zirconia influ-
ences the physicochemical properties of prepared catalysts
with calcination temperature. The presence of vanadium
oxide delays the phase transitions of zirconia from amor-
phous to tetragonal in proportion to the vanadium oxide
content up to 9 mol%. On the basis of results of DSC,
XRD, and 51V solid state NMR, the V2O5 content forming a
complete monolayer on the surface of ZrO2 was estimated
to be 9 mol%, giving 2.3 V2O5 molecules/nm2. Below the
transition temperature of ZrO2 from amorphous to tetra-
gonal phase the ZrO2 stabilizes supported vanadium oxide
and vanadium oxide up to 9 mol% is well dispersed on the
surface of ZrO2. However, V2O5 loading exceeding the for-
mation of complete monolayer (9 mol%) on the surface of
ZrO2 was well crystallized and observed in the spectra of
IR and 51V solid state NMR. Upon the addition of only a
small amount of vanadium oxide (0.2 mol% V2O5) to ZrO2,
both the acidity and acid strength of the catalyst increases
remarkably, showing the presence of two kinds of Brønsted
and Lewis acid sites on the surface of V2O5/ZrO2.
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