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Abstract. Raman spectroscopy and Electron Paramagnetic Resonance (EPR) studies were performed on aseries of
V,05/TiO; catalysts prepared by a modified sol-gel method in order to identify the vanadiuvm species. Two species
of surface vanadium were identified by Raman measurements, monomeric vanadyls and polymeric vanadates.
Monomeric vanadyls are characterized by a narrow Raman band at 1030 cm™} and polymeric vanadates by two
broad bands in the region from 900 to 960 cm™! and 770 to 850 cm~!. The Raman spectra do not exhibit characteristic
peaks of crystalline V,0s. These results are in agreement with those of X-ray Diffractometry (XRD) and Fourier
Transform Infrared (FT-IR) previously reported (C.B. Rodella et al., J. Sol-Gel Sci. Techn., submitted). At least
three families of V* ions were identified by EPR investigations. The analysis of the EPR spectra suggests that
isolated V4* ions are located in sites with octahedral symmetry substituting for Ti**+ ions in the rutile structure.
Magnetically interacting V4+ jons are also present as pairs or clusters giving rise to a broad and structureless EPR
line. At higher concentration of V,0s, a partial oxidation of V4 to V3t is apparent from the EPR results.
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active phase interaction. It has been shown thata higher
activity and selectivity is achieved when vanadia is sup-
ported on anatase rather than on rutile.

The major disadvantage of the titania support pre-

Introduction

Vanadium-titanium oxides constitute a well-known
catalytic system for selective oxidation reactions [1-3).

The outstanding catalytic behavior of vanadia sup-
ported on titania in comparison to other oxides such
as Si0, or Al, 03, is attributed to the strong support-
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pared by conventional ceramic processes is its low spe~
cific surface area. In addition, the anatase phase has
a poor thermal stability at high temperature. Its par-
tial transformation into rutile is thermodynamically fa-
vored but leads to a worsening of catalytic performance.
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As the characteristics of the support are fundamental
for the stabilization of the active phase in V,05/TiO,
catalysts and depend mainly on the preparation meth-
ods, several efforts are being made to develop new ox-
ide supports to satisfy the needs of practical application
[1-4].

A new route using a modified sol-gel method was
proposed for the preparation of V,0s/TiO, catalysts
[5]. The samples show an increase of the (BET) sur-
face area with the increased loading, and an absence
of crystalline V,0s. This system shows a high activity
for ethanol oxidation [5].

Vibrational spectroscopy has been used to charac-
terize the structure of highly dispersed VO, species
present on the surface of TiQ, [6]. For low concen-
trations of V405, monomeric vanadyls are the primary
species present on TiO, supports. This species is char-
acterized by a narrow peak near 1030 cm™! in both the
Fourier Transform Infrared (FT-IR) and Raman spec-
tra, indicative of a very strong V=0 bond. As the vana-
dia loading increases, new Raman bands appear in the
region of 800-1000 cm™!, attributed to the terminal
V=0 bonds of polymeric vanadia species [6].

Electron Paramagnetic Resonance (EPR) also has
been successfully applied to the study of V,05/TiO,
catalysts [1-3, 7-10]. The technique is a powerful tool
for determining the coordination environment of para-
magnetic centers, such as transition metal ions. The
V*#* ion is a particularly useful probe since its EPR
spectrum is readily observable over a large tempera-
ture range. Spin Hamiltonian parameters obtained from
such spectra are very sensitive to the nature of the sup-
port (anatase or rutile), the location (surface, interstitial
or substitutional) and the symmetry of the site of the
ion in the TiO, matrix [9, 11].

The present paper reports additional investigation
carried out with Raman and EPR spectroscopy on a se-
ries of V,0s/TiO; catalysts prepared by a modified sol-
gel method [5]. The results are discussed with respect
of the distribution of vanadia as a function of V;0;
loading, in order to identify the vanadium species pairs
and its coordination symmetry.

Experimental Section
Catalysts Preparation
V20s/TiO; catalysts with different contents of V,05

(wt% = 3, 6 and 9) were synthesized by a modified
sol-gel method as previously described [5]. A sample

containing only 1 wt% of V205 was made for the EPR
analysis. Prior to acquisitions of Raman and EPR spec-
tra, samples were firstdried in vacuum at 503 K for 12 h,
In the case of EPR, the samples were sealed in quartz
tubes.

Raman Spectra

The Raman spectra were obtained using a 514.5 nm
argon ion laser line (Spectra Physics) 2020, a Jobin-.
Yvon U1000 double monochromator with holographic
gratings and a computer-controlled photon-counting
system. The Raman spectra were obtained at room tem-
perature as the average of 100 scans with a spectral res-
olution of 4 cm~! using a power excitation of 45 mW.

EPR Spectra

The EPR experiments were carried out at both X
and Q bands on powdered samples. All spectra were
recorded as the first derivative of the absorption at 77 K.
The Q band spectra were taken with an E-line Varian
Spectrometer operating at 34 GHz, while for X band
(9.6 GHz) the spectra were measured using a mag-
netic field modulation frequency of 85 KHz. Calibra-
tion of g-values was based on the g =1.9797 signal of
a MgO:Cr** marker.

Results and Discussion
Raman Spectra

Raman spectra of the catalysts are presented in Fig. 1
and the vibrational modes are summarized in Table 1.
The spectra show a well-defined absorption band at
1030 cm™! and two broad bands from 900 to 960 cm™!
and 770 to 850 cm', The band at 1030 cm™! is at-
tributed to monomeric vanadyl species bound directly
to the TiO, support [6, 12~16]. The number of bonds
anchoring the vanadyl group to the support cannot
be determined from the Raman spectra. These assign-
ments are based on similarity of position of the bands
in these regions with those for terminal V=0 bonds
of polyvanadate anions in solution. As the amount
of polyvanadates increases, the number of terminal
V=0 groups per vanadium decreases to accommo-
date V—O—V linkages. The broad band in the region
from 900 to 960 cm™! and centered at 930 cm™! is
assigned to the terminal and internal V=0 stretching
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Figure 1. Raman Spectra of V;0s/Ti0, samples obtained by a
modified sol-gel method and dehydrated in vacuum at 503 K for
12 h,

vibration, v(V=0), of polyvanadate groups and the
broad band centered at 822 cm™! can be attributed to
the v(V—0O—V) vibration of polymeric vanadates [6,
12-16]. The Raman spectra do not exhibit bands at 997
and 703 em™!, characteristic of crystalline V,0s [17],
in agreement with those of X ray diffraction (XRD)
[5] and are an indication of an effective distribution of
vanadium in the titania matrix.

According to comparative FT-IR and Raman scat-
tering studies, the vibrational frequencies of vana-
date species do not depend strongly on the hydra-
tion/dehydration treatments [18]. The FT-IR spectra
of the samples (Fig. 7 in [5]) present a sharp band
around 1000 cm™! and a broad band between 760 and
940 cm~!, The intensities of these bands increases with
increasing V,05 content, but their width and their rel-
ative intensities remain unchanged. The Raman data
agree well with the Infrared data. This indicates that
the vanadyl/vanadate ratio is independent of vanadium
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concentration, and that the two species are uniformly
distributed on the support.

EPR Specira

The paramagnetic V** ion has the 3d! electronic con-
figuration and an electronic spin § = 1/2. The nuclear
spin for the >'V isotope (natural abundance 99.5%) is
1 =7/2. Therefore, an eight component hyperfine struc-
ture is expected from the dipole-dipole interaction be-
tween the magnetic moment of the > V nucleus and the
electronic moment of the paramagnetic V4¥ ions. An
axial spin Hamiltonian, which includes the hyperfine
interaction has been used to describe the EPR spectra
of V4*:

H= gl]ﬁHzSz +g.Lﬂ(HrSv +HySy)
+A||IZSZ+AJ_(]xSx ‘+“1ySy) (1)

where B is the Bohr magneton; H, H, and H, are
the static magnetic field; S, S,, and S, are the spin
operators of the electron; I, I,, and I, are the spin
operators of the nucleus; gy and g are the parallel and
perpendicular values of the anisotropic g-tensor; A
and A, are the parallel and perpendicular hyperfine
values of the hypetfine A-tensor.

One sample containing 1 wt% of V205 and calcined
at 450°C was prepared for analyses of EPRinQ and X
band, The relatively high quantity of vanadium in the
samples (>3 wt%) did not allow for the distinction of
the signals due to hyperfine interaction.

The experimental V** EPR spectrum of the 1%
V,0s/TiO; catalyst was analyzed by numerical simu-
lation of the spin Hamiltonian (Eq. 1) using Lorentzian
lineshapes. Fig. 2 shows the Q-band EPR absorption
derivative spectra (experimental and simulated) of the
19%V,05/Ti0; catalyst measured at 77 K. The best fit
of the experimental spectrum is achieved for the spin
Hamiltonian parameters summarized in Table 2. The
simulated spectrum closely reproduces the magnetic

Table 2. Spin-Hamiltonian parameters of the V4t jons obtained
by computer simulation of the spectrum (loading T wt?%).

Signal g g1 AG)  ALG) AHy®
A 1.956 1901 15237 3025 125
B 1953  1.905-1910 14130 2539 7.1
C 1.926 200
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Figure 2. (a) Experimental and (bl) simulated EPR Q-band spectrum of 1 wt% V205 xerogel catalysts obtained at 77 K, (bl) hyperfine
interactions and (b2) dipolar interaction. The MgQ:Cr** (g = 1.9797) was used as reference signal.

field dependence of the experimental spectrum, the po-
sition and the intensities of the prominent features. The
experimental spectrum is well resolved and can be in-
terpreted as the superposition of the contribution of at
least three families of V** ions: two sets of signals
are characterized by an eight components structured
EPR signals, species A and B in Fig. 2(a) and a third
broad signal centered at g &~ 1.93 (hereafter referred as
signal C).

The species A and B present a resolved hyperfine
structure and are due to magnetically isolated V4+ ions.
The broad and structureless signal C is due to mag-
netically interacting V** centers probably constituted
by clusters or pairs of vanadium ions close enough to
cause a dipolar broadening of the EPR line and the
smearing the of >''V hyperfine structure. Similar spec-
tra were observed previously in V,0s/TiO; catalysts in
both anatase and rutile form of TiO, [1, 3, 6-11].

The analysis of the EPR parameters of signals A and
B show that species A differs from species B mainly
in the value of the 'V hyperfine constants (A and
Ay ), which are definitely higher for species A. The
fact that gy > g, and Ay > A for both species sug-
gests that the V#* ions associated with these resonance
are located at sites with octahedral symmetry, substitut-
ing for the Ti** ions in a titania matrix with the rutile
structure [1, 10, 11, 13, 17, 19-25]. It should be re-
membered that the rutile phase of TiO, is tetragonal,

with two Ti** ions per unit cell, and that each ion is
surrounded by six neighboring oxygen atoms, giving
rise to an orthorhombic crystal field at the titanium ion
position. Therefore, in the rutile form of TiO, there
are two nonequivalent Ti** ions whose positions can
be occupied by substitutional V4* jons [19]. Such a
substitution is also favored as the ionic radius of Ti**
and V** in a hexacoordinated octahedral crystal field
are 0.74 A and 0.72 A, respectively [11]. A first alter-
native interpretation, where the isolated V*#* ions are
located in interstitial sites of the rutile structure can
be discarded since, in this case, an orthorhombic EPR
spectrum is expected with g, < g, < g, which is not
observed. A second alternative interpretation, in which
V*t ions are located in the anatase TiO, phase, is also
discarded because, in this case, the g values forisolated
ions should be gy < g [2, 3, 13, 23-27].

As mentioned above, useful information about the
environment of the vanadium ions can be obtained by
the analysis of the spin Hamiltonian parameters. The
empirical approach of Davidson and Che [11] uses a
plotof gis = (g} +2g1)/3 and Ay, = (A +24,)/3t0
describe the following ligand field geometries: (i) &, for
vanadyl ions in a square-pyramidal or axially-distorted
octahedral symmetry; (i) 8, for V4t ions in a tetrahe-
dral geometry and (iii) ¥, for V** ions in a distorted
octahedral symmetry. On the basis of the relatively
low values found for both gi;, and A;;, in our samples
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Figure 3. EPR X-band spectrum of 1, 3 and 6 wt% V205 samples.

(gis0=1.919 and Ajs, =77 G for signal A, giso =1.92
and A;,, = 64—73 G for signal B) we conclude that the
magnetically isolated V*+ jons are subjected to aligand
field described by the geometry y [Fig. 3 in Davidson
and Che] where the vanadium ions are located at the
center of the rutile unit cell, surrounded by a slightly
distorted oxygen octahedron.

Figure 3 shows the X-band EPR spectra for samples
with 1, 3 and 6 wt% V,0s. The spectrum of the cat-
alysts with 3 wt% of V,0s follows the general trends
observed in Fig. 2. The EPR linewidths of the sample
with the higher V05 concentrations (6 wt%) are sig-
nificantly broader. This change on the EPR lineshape
might be due to the interaction between V4 ions re-
sulting from the increase of the vanadia concentrations.
The signals A and B associated with the parallel compo-
nent of the isolated vanadium are observed in all sam-
ples, but in the X-band the distinction between these
two signals is not as clear as in the Q-band spectra. The
signal C corresponding to non-isolated vanadium ions
is observed for all the V205 concentration investigated.
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Figure 4. Evolution of the vanadiom EPR intensity with V205
(wt%) content. The above graphic presents the V*t isolated (A and B)
signals. The interacting vanadium (C) signal is show in the middie
graphic. The joint of the paramagnetic vanadium (A +B + C)is
presented in the bottom graphic.

A detailed analysis allows us to extract the line width
of the signal C, which is 200 G for the catalysts with
lower loading (<6 wt%) and 250 G for the 9wt% V,05
catalysts.

Figure 4 presents the EPR intensity of signals A,
B, C and total (A + B + ©), obtained by doubly in-
tegrating the EPR signals, as a function of the V,05
contents. The main results are summarized as follow.
First, the signal A is always higher than the signal B.
Second, the intensities of the signals A and B increase
with the vanadialoading up to 6 wt% V,Os and then de-
creases at higher vanadia content. In contrast, the inten-
sity of the signal C increases very little with the vana-
dia content, up to 6 wt% V205, but an abrupt increase
is observed for the higher concentration investigated
(9 wt% V,0s). As the concentration of V;0sincreases,
the number of V4+ ions increases. This results in strong
magnetic coupling among the Y4+ ions, which areclose
enough to cause dipolar broadening. Third, the total
V4 signal intensity resulting from the sum of the sig-
nals A, B, and C species (Fig. 4, bottom) is propor-
tional to the vanadia concentration up to 6 wt% V,0s.
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Saturation of the total EPR signal is apparent above this
concentration.

The results are in agreement with those of XRD and
FT-IR measurement [5]. XRD has shown that the num-
ber of crystallites with rutile structure, which contribute
to the A and B signals in the EPR spectra, decreases in
relation to the anatase ones when increasing the vanadia
concentration from 6 wt% to 9 wt% (Fig. 4 in [5]). This
decrease of the amount of rutile phase is confirmed by
EPR results of Fig. 4, which shows that the EPR inten-
sities of signals A and B decrease at higher vanadia con-
tent. On the other hand, the FT-IR spectroscopy shows
that the ratio between the amount of paramagnetic and
diamagnetic vanadium ions, V¥*/V>*, is nearly con-
stant (Fig. 7 in [5]). Thus, the oxidation from V** to
V3 does not occur at the catalyst surface. As the EPR
intensities of signals A and B decrease at higher vana-
dia content, whereas the intensity of signal C increases
significantly, it is concluded that a partial oxidation of
V#/V3+ takes place at higher concentration of V,0s,
leading to the observed saturation of the total EPR si g-
nal (Fig. 4, bottom). The oxidation of the V4* in TiQ,
rutile was already observed by Centi et al, [7].

Conclusions

Raman Spectroscopy was used to investigate the dis-
tribution of VO, species on the surface of TiO, in
the catalysts prepared by a modified sol-gel method.
Two species of surface vanadium have been identi-
fied: monomeric vanadyl and polymeric vanadates.
Monomeric vanadyls are characterized by a narrow
Raman band at 1030 cm™! and polymeric vanadates
by two broad bands between 900 and 960 cm~! and
770 to 850 cm~!. Raman spectra of samples do not ex-
hibit a characteristic peak of crystalline V,05. These
results are in agreement with those of XRD and FT-IR
measurements [5]. They indicate uniform distribution
of vanadium in the titania matrix.

EPR technique was used to obtain information about
the nature of the vanadium species and their distribu-
tion in V,05/TiO; catalysts. At least three families of
V** ions were identified. The analysis of the EPR spec-
tra suggests that isolated V4™ ions are located in sites
with octahedral symmetry substituting Ti** ions in the
rutile structure. Magnetically interacting V** ions are
also present as pairs or clusters giving rise to a broad
and structureless EPR line, At higher concentration of
V305, a partial oxidation of V#* (paramagnetic) to V3+
(diamagnetic) is apparent from the EPR results.
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