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V,0,-WQ,/TiO, samples with compositions similar to those of
commercial de-NO, catalysts (WO; ~ 9% w/w, V,05 < 3% w/w)
are characterised by XRD, surface area and pore size distribution,
Fourier transform infrared, laser Raman, UV-vis diffuse reflect-
ance, electron paramagnetic resonance spectroscopies, and cata-
Iytic tests in the reduction of NO, by NH;. The V,0,—WO;/TiO,
catalysts exhibit higher reactivity than the binary V,0;/TiO, and
WO,/TiO, samples with the same metal loading, and the tempera-
ture window for the SCR reaction is greatly widened. The catalysts
consist of anatase TiO, and their morphological properties closely
resemble that of WO,/TiO, for (V + W) surface coverages lower
than one. Monomeric vanadyls and wolframyls and polymeric
W, 0, groups are observed in the samples with low vanadia loadings
that are apparently similar to those present on the surface of the
binary oxide systems with comparable metal loadings. On increas-
ing the vanadium loading, polyvanadate species are also formed.
EPR, FTIR, FT-Raman, and UV-vis techniques indicate a strong
electronic interaction between V and W oxide species at the surface
of the TiO, support. This interaction leads to a higher reducibility
of the ternary sample with respect to the corresponding binary
ones. A synergism between V and W oxide surface species is sug-
gested, which accounts for the high reactivity of the ternary sam-
ples in the SCR reaction. It is suggested that the higher reducibility
of the samples, due to the electronic interactions between V and
W and the TiO, support, is responsible for the higher reactivity
of the ternary catalysts, particularly at low temperatures. © 1995

Academic Press, Inc.

INTRODUCTION

V,05,~-WO,/TiO, catalysts are widely used in the selec-
tive catalytic reduction (SCR) of nitrogen oxides in power
plant stack gases (1, 2).

In commercial De—~NO, SCR catalysts TiO, anatase is
used as a base material (~80% w/w) to support the active
components. V,Os is responsible for the activity both in
the reduction of NO, (3) and in the oxidation of SO,,
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present in glue gas, to SO, (4); the V,0, content is gener-
ally low (<2% w/w) and is reduced below 1% w/w in
high-sulphur applications to limit the concentration of SO,
at the exit of the catalytic reactor. WO, provides thermal
stability to the catalyst, presents a much lower activity
in both denitrification and SO, oxidation reactions, and
is employed in relatively large amounts (~10% w/w).

V,0,/TiO, catalysts have been extensively studied in
the past (5-14). It has been reported that vanadia dis-
persed on TiO, anatase is present in the form of isolated
vanadyls and polymeric V,0, species (15-17) and that
monomeric vanadyls predominate at low V,O; loadings
(15). Catalytic tests have shown that the specific activity
of polymeric V,O, species in the SCR reaction is much
higher than that of monomeric vanadyl species (18, 19).

Reports are also available on the structure and reactiv-
ity of WO,/TiO, (20-28). It has been demonstrated that:
(i) WO, inhibits the initial sintering of anatase TiO, and
the anatase to rutile transition; (ii) both monomeric wol-
framyls and polymeric W O, groups are present at the
catalyst surface; (iii) monomeric wolframyls predominate
at lower WO, loadings; (iv) tungsta imparts to the system
strong Lewis and Broensted acidity; and (v) the denitrifi-
cation activity of WO,/TiO, is much lower than that of
V,0,/TiO,.

However, investigations on V,0;—-WO0O,/TiO, catalysts
are scarce (29-35). In a preliminary study performed by
using infrared and UV-vis diffuse reflectance spectro-
scopies it has been proposed that surface vanadium oxide
and tungsten oxide species consist of mono-oxo vanadyls
and wolframyls closely resembling those present in the
binary oxide catalysts. Besides, WO, was reported to
widen the temperature window of SCR, to increase the
poison resistance to alkali metal oxides and arsenious
oxide, and to reduce ammonia oxidation as well as SO, ox-
idation.

In this paper the reactivity in the reduction of NO by
NH; and the structural, morphological, and physicochem-
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ical characteristics of V,0,—~WO,/TiO, de-NO, catalysts
are reported. X-ray diffraction (XRD), surface area (S,)
and pore size distribution measurements, electron para-
magnetic resonance (EPR), UV-vis diffuse reflectance
(UV—vis DR), Fourier transform infrared (FTIR), and
laser Raman (LR) were employed with the purpose of
clarifying the bulk, surface, acid, and redox properties of
this catalytic system as compared to those of the corre-
sponding V,0;/TiO, and WO,/TiO, systems.

METHODS

Catalyst Preparation

V,0,-WO,;/TiO, catalysts were prepared by dry im-
pregnation of WQO,/TiO, calcined at 873 K with a hot
water solution of ammonium metavanadate and oxalic
acid, followed by drying and calcination at 823 K for 2
h. The V,0; content in the samples was varied between
0.3 and 3.56% w/w. Details on the preparation of the
WO,/TiO, sample have already been reported in (21). The
outgassed samples were obtained by heating at 423 K
under vacuum (70 X 1073 Torr) for 4 h. Reference catalysts
consisting of V,0,/TiO, with similar V,0, weight contents
were prepared as described elsewhere (21, 22). The cata-
lysts are identified in the paper according to their V,0q
and WO, content, e.g., V,04(1.0)-WO4(9)/TiO, identifies
a sample with WO, = 9% w/w and V,0; = 1.0% w/w.

Catalytic Measurements

Catalytic measurements have been carried out in a
quartz tubular fixed bed microreactor (i.e. 7 mm) contain-
ing 160 mg catalyst. A feed consisting of ~800 ppm NO,
~800 ppm NH,, and ~1% v/v of oxygen in helium was
used (total flow rate = 60 N c¢cm?*/min). NO conversion
was measured by means of a UTI quadrupole mass spec-
trometer (QMS) whereas the analysis of N, and N,O was
carried out by on-line GC using a poraplot Q and a § A
molecular sieve column in a parallel arrangement. Further
details on the experimental procedure can be found else-
where (19).

Characterisation of Catalysts

Powder X-ray diffraction analyses have been performed
with a Philips vertical goniometer PW 1050-70 and Ni-
filtered CuK« radiation.

Surface area and micro- and mesopore size distribution
have been determined by N, adsorption with the BET
method using a Carlo Erba Sorptomatic 1800 Series instru-
ment. Mesopore distribution measurements have been
obtained by the mercury penetration method using a Carlo
Erba Porosimeter 2000 Series instrument.

The FTIR spectra were recorded by a Nicolet SZDX
FTIR spectrometer equipped with a greaseless gas manip-
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ulation/evacuation ramp, an infrared cell, and a furnace
for sample heating. Both self-supporting pressed disks of
pure powders and KBr pressed disks were used.

Laser-Raman spectra were recorded with a Dilor multi-
channel spectrometer using an argon spectra Physic Laser
(514.6 nm). FT-laser-Raman spectra were also collected
by using a Nicolet 910 laser Raman spectrometer (1064
nm).

The EPR spectra have been recorded in the X-band
mode by a Varian E109 spectrometer operating between
9.2 and 9.5 GHz microwave frequency and with a field
modulation of 100 kHz. The spectrometer was equipped
with a computer interface for spectra recording and elabo-
ration. The spectra were recorded both at room tempera-
ture and at 77 K. Varian pitch (g = 2.0028) was used as
a reference standard for g values.

UV-vis DR spectra were obtained by using a Jasco
double-beam spectrometer equipped with an integrating
sphere. The outgassing of the catalysts upon heating at
423 K under vacuum (70 x 1073 Torr) was followed by
the recording in situ of the UV-vis DR spectra at r.t. A
homemade cell was used for this purpose.

RESULTS

1. XRD and Morphology

To investigate the effect of tungsten on the catalyst
morphological properties, ternary V,0,~WO0;/TiO, sam-
ples with different WO; (1, 3, and 9% w/w) and V,0;
(0-3.56% w/w) contents were prepared. Figure 1 reports
the catalysts surface areas as a function of the (W + V)
coverage. The curves reported in Fig. 1 refer to catalysts
with the same V,0; or WO, loading (solid and dotted
lines, respectively). The figure clearly shows that a sig-
nificant loss of surface area occurs upon V,0j; addition
for the samples with low WO; loading. Indeed for the
samples with WO, = 19 w/w the surface area significantly
decreases on increasing the V,0s loading up to 1.4%
w/w. As shown in Fig. 1 this is not the case for the samples
with high WO, loadings, for which only a limited decrease
in the surface area has been observed. It can be concluded
that WO, loadings of about 10% w/w are most suited to
preserve the specific surface area in the ternary
V,0,-WO0,/TiO, catalysts.

Samples with high WO, loadings (9% w/w) have been
used for further investigations. Table 1 shows the phase
composition, the mean crystal dimension (d,,), the sur-
face area (S,), the pore volume (V,), the mean pore radius
(rp), and the W, V, and (W + V) surface coverages for the
ternary catalysts with WO, = 9% w/w. Surface coverages
have been calculated assuming a monolayer capacity of
7 micromoles/m’ for WO, (36) and of 0.145% w/w for
V,0s/m? (37). The surface coverage of (W + V) has been
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FIG. 1. Catalyst surface areas (m®/g) as a function of the (V + W)
coverage. Solid lines and dotted lines refer to samples with the same
V.0« and WO, loading, respectively.

estimated by summing those of W and V. From Table 1
it appears that the theoretical monolayer coverage in
terms of (W + V) is approached in the samples with
V,0s = 2.56% w/w and is exceeded with V,05 = 3.56%
w/w.

All the samples with V,0; < 3.56% w/w are monophasic
and only the anatase polymorphic form of TiO, is de-
tected; traces of the rutile form are detected in the catalyst
with V,0; = 3.56% w/w. No significant differences are
observed in the crystallite dimensions of anatase on in-
creasing the V,0; content with the only exception of the
sample with the highest vanadium loading where a slight
growth of the particles was measured.

The morphological characteristics of the samples are
modified only to a limited extent on increasing the vanadia
loading up to 2.56% w/w (S, = 90-78 m’/g, V, = 0.3-0.35
cm’/g, r, = 50-100 A). A more pronounced reductlon in
surface area (64 m?/g), a slightly larger pore volume (0.38
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cm‘/g) and a bimodal pore size distribution (r, = 70 and
200 A) are observed in the sample with the hlghest vana-
dium loading (V,05 = 3.56%).

On increasing the calcination temperature to 873 K no
significant changes in phase composition and crystallite
dimensions are detected. Only for the sample with
V.05 = 3.56% w/w are traces of V,0; (XRD lines at
20 = 26.18°, 20.31°, and 31.06°) observed. Besides, larger
crystallite dimensions of anatase TiO, (227 Avs173 ;X) are
evident. It is worth noting that V,0s is already detected in
this sample by FTIR spectroscopy after calcination at 823
K due to the higher sensitivity of this technique.

The morphological data of Table I indicate that vanadia
affects both the initial sintering of TiO, and the anatase
to rutile transformation in V,0,—WO0O,(9)/TiO, catalysts
only at high vanadia loadings (V,0; = 2.56-3.56% w/w)
that correspond to surface coverages of (W + V) close to
or greater than 1. In this case the two processes mentioned
above are faster, particularly at high calcination tempera-
tures; larger dimensions of the anatase crystals are mea-
sured traces of rutile and V,O; are detected, and a bimodal
pore size distribution is observed that is associated with
the incipient anatase to rutile transformation. This is con-
sistent with the well-known promoting effect of vanadia
on both the TiO, sintering and the anatase to rutile trans-
formation.

2. Catalytic Activity Measurements

The results of catalytic tests in the reduction of NO by
NH, performed over different V,0./W0,(9)/TiO, cata-
lysts and over V,04/TiO, and WO,/TiO, samples with the
same metal loadings are shown in Fig. 2

The reactivity of the ternary catalysts is significantly
higher than that of the binary samples with the same V
loadings; in the presence of WO;, the temperature re-
quired for 50% conversion is lowered from ~590 K to
~540 K for V,05 = 0.78% w/w, and from ~570 K to

TABLE 1

Structural and Morphological Data of V,04(x)-WO0,;(9)/TiO, Samples
(x = 0-3.56% w/w) Calcined at 823 K

V,0: (% wiw) 0 0.3 0.78 1.00 1.40 2.56 3.56
Phases A A A A A A A¢
dorya (A) 155 140 144 146 140 140 173
S, (m*/g) 90 85 87 87 80 78 64
vy (cm'/g) 0.31 0.33 0.32 0.30 0.30 0.35 0.38
r, (A) 55 65 70 70 70 100 70/200
W coverage 0.60 0.63 0.62 0.62 0.67 0.69 0.84
V coverage 0.00 0.02 0.06 0.08 0.12 0.23 0.38
(W + V) coverage 0.60 0.65 0.68 0.70 0.79 0.92 .22

Note. A = anatase.
“ Trace of rutile.
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FIG. 2. NO conversion (A) and N, selectivity, defined as [N,]/([N;] + [N,0]), (B) versus temperature over: WO,(9)/TiO, (a), V,040.78)/TiO,
(b), V,04(1.4)/TiO, (c), V,05(0.78)-WO5(9)/TiO, (d), and V,04(1.4)-WO,(9)/TiO, (e). Experimental conditions: catalyst weight, 160 mg (60-100
mesh); P = 1 atm; flow rate, 60 N cm*/min; feed, He + 800 ppm NH; + 800 ppm NO + ~1% O,.

~480 K for V,O; = 1.4% w/w. This clearly indicates
that WO, increases the activity of V,05/TiO, catalysts.
Besides, the temperature window corresponding to high
NO conversion and almost complete selectivity to N, is
greatly amplified in the ternary catalysts since the cata-
lysts are active at lower temperatures and high selectivites
to N, are preserved in the high-temperature region.

A correspondence is always observed between the de-
crease in NO conversion and the decrease in N, selectiv-
ity. Lower N, selectivities are measured in the case of
poorly active catalysts such as V,04(0.78)/TiO, and WO,/
TiO,, possibly because of the greater relative importance
of the direct oxidation of ammonia.

The data have been analysed assuming an isothermal
plug flow reactor model and a first-order power-law rate
equation (r = k° exp(— E,/RT) Cyp) to estimate £° and
E,., after verifying the absence of interphase and intrapar-
ticle diffusion limitations. Comparable values of the acti-
vation energy in the range 13-15 Kcal/mol have been
calculated for V,0/TiO, and V,0,/W0,(9)/TiO, cata-
lysts. In the case of WO,/TiO, a slightly higher value
of E,., has been estimated (18 Kcal/mol). These values
compare well with those reported in the literature for
vanadia/titania-based catalysts, i.e., 10-15 Kcal/mol (38).

The values of the preexponential factors and of the
activation energies have been used to calculate the V and
W turnover frequencies (TOF, moles of NO converted
s~ mol V! or W™!) for the binary systems (Table 2). The
contribution of the exposed Ti atoms has been taken into
account in the calculation of the TOFs. From Table 2 it
appears that the TOFs of the vanadia/titania catalysts
increase on increasing the vanadia loading (18, 19) and
are much greater than those of the tungsta/titania sample,
in line with the well-known higher activity of vanadia/
titania as compared to tungsta/titania in the SCR reaction.

The reactivity of the ternary V,05/W0;(9)/TiO, cata-
lysts has been tentatively described by the simple addi-
tive model

+ TOF,, x molesW =}

cat 8cat

moles V
R pec = TOFy X ———

where R, is the specific rate of reaction (moles of NO
converted s™! g_l). Equation [1] assumes that the specific
rate of reaction of the ternary catalysts can be obtained
by simple addition of the contributions of vanadia and
tungsta to NO consumption. These contributions are esti-
mated by the turnover frequencies of V and W in V,04/
TiO, and WO,/TiO, catalysts with the same loadings,
respectively. In Eq. [1] the reactivity of the exposed TiO,
surface on NO consumption can be safely neglected.
The values of R, estimated according to Eq. [1] for
three different V,0,~WQO,/TiO, catalysts have been re-
ported in Fig. 3 (filled symbols), where they are compared
with the corresponding experimental ones (open sym-

TABLE 2

Calculated Turnover Frequency (TOF, mol NO Converted s™!
mole V~! or W-!) for the Vanadia/Titania and Tungsta/Titania
Catalysts

Turnover frequency (TOF)

Vorw
Catalyst coverage 500 K 550 K 600 K
TiO, - 0.003 x 107> 0.012 x 10"* 0.040 x 1073
V,0,(0.8)/TiO, 0.09 0.208 x 107> 0703 x 10°* 1.926 x 107*
V,04(1.47/TiO, 0.21 0.224 x 107 0.787 x 1073 2.223 x 107}
V,0,(3.56)/TiO, 0.51 2,205 x 1073 6.822 x 107 1.526 x 1072
WO,4(9)/TiO, 0.6 0.017 x 107*  0.091 x 10~* 0.353 x 1073

Note. Assumed NO concentration = 1000 ppm.



V,0,-WO,/TiO, CATALYSTS

Rgpec (moles NO /'s gegy ) 107

20

15

D

A

X
a—

0 1 2 3
Y, 0y loading (% w/w)

FIG. 3. Values of R, (Moles NO converted s™' gil) for V,0;
(x)-WO;(9)/TiO, catalysts as a function of the V,0s loading. T = 550
K; NO = 1000 ppm. Filled symbols, calculated according to Eq. {1];
open symbols, calculated from the estimated values of the activation
energy and preexponential factor.

bols). From Fig. 3 it appears that for all the investigated
V,0,—-WO,/TiO, samples the specific rate of reaction is
2—4 times smaller than that measured over the same cata-
lysts. This indicates that the reactivity of V and/or W
active species in the ternary catalysts is higher than that
observed over the binary samples with the same V,Oj
and WO, loadings.

It has been previously reported (18, 19) that over V,054/
TiO, binary catalysts the vanadium TOFs increase on
increasing the V,0; coverage. This has been associated
with the formation of highly active polyvanadate species.
One can speculate that the presence of tungsten oxide in
V,05,-WO0,/TiO, catalysts may reduce the TiO, surface
area available for vanadium so that the vanadium cover-
age is eventually increased. This will favour the formation
of polyvanadate species, thus increasing catalyst reactiv-
ity. Along these lines, calculations were also performed
by assuming that V,0; is dispersed only onto the fraction
of the TiO, surface which is not covered by tungsta, and
the vanadium TOF values corresponding to those new
coverages have been introduced in Eq. [1]. Still the values
of R, estimated with Eq. [1] are lower than the corre-
sponding experimental ones by roughly a factor of 2. This
eventually indicates that the formation of polyvanadate
species (if any) cannot be fully responsible for the increase
in the catalytic activity which is observed by passing from
the V,0,/TiO, catalysts to the V,0,-WO,/TiO, samples.
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This is also in line with the observation that the increase
in the reactivity is not accompanied by the corresponding
decrease in the selectivity which is typically observed
upon increasing the V,0;s loading over binary V,04/TiO,
samples [18, 19]. This eventually suggests the existence
of a synergism between V and W in the SCR reaction.
To further investigate this interaction a detailed physico-
chemical characterisation of the ternary samples has been
undertaken and is reported in the following sections.

3. Electron Paramagnetic Resonance

The ternary V,0,—WO,(9)/TiO, catalysts exhibit an in-
tense and well-resolved EPR spectrum both after calcina-
tion (823 K) and after reduction (annealing at 423 K). The
spectrum obtained on the calcined V,04(1.0)-WO,(9)/
TiO, sample is reported in Fig. 4a; the spectrum has been
recorded after quick outgassing of the fresh samples
at room temperature in order to remove the oxygen
atmosphere from the EPR cell. The spectra of the
V,04(0.3)-WO0,(9)/TiO, and V,041.4)-WO,(9)/TiO,
samples show basically the same profile. The spectrum
of V,04(1.0)-W0O,(9)/TiO,, however, is more intense than
that of V,04(0.3)-W0,(9)/TiO, by a factor of about 2
while that of V,04(1.4)-WO,(9)/TiO, is only slightly more
intense than that of V,04(1.0)-WO,(9)/TiO,. The spec-
trum in Fig. 4a is due to tetravalent vanadium and specifi-
cally to vanadyl VO?* ions (see below); this is indicated
by the presence of the hyperfine structure due to the 3'V
nucleus (I = 7/2, multiplicity 8). The resolution of the
spectrum is fairly good and indicates, however, a complex
situation in that at least three families of V(IV) ions are

o

FIG. 4. EPR spectra of V,04(1.0)-WO0;(9)/TiO; catalyst calcined at
823 K after outgassing at r.t, (a) and V,05(1.0)/TiO, after outgassing at
473 K for 1 h (b). The vertical arrow indicates g = 2.0028. The magnetic
induction B is in milliTesla (1 mT = 10 G).
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present. Two of them are magnetically isolated VO?* ions
(Iand II), giving rise to structured EPR signals character-
ised by axial g and A tensors with slightly different princi-
pal values due to minor differences in the oxygen co-
ordination. The third family consists of magnetically inter-
acting V(IV) centers which give rise to a broad and struc-
tureless EPR line that is responsible, in the spectrum
reported in Fig. 4, for the nonlinearity of the base line.
The parameters obtained by a preliminary computer simu-
lation of the experimental spectrum are as follows: species
[gy=1912,g, =1983 A =195G,and A, = 74 G;
species I, gy = 1.905, g, = 1.978, Ay = 195 G, and
A, = 69 G. The simulation also indicates that the abun-
dance of the two families of isolated ions (I and II) is
nearly the same and that the amounts of interacting ions
are slightly higher than the amount of whole isolated ions.

The presence of isolated V(IV) after calcination at high
temperatures is typical of V,0,—~WQ,/TiO,. In the case
of the V,04/TiO, reference system (V,05 = 1.0% w/w)
the typical vanadium EPR spectrum is visible only in
the case of the reduced samples, or it appears upon the
annealing of the calcined samples at T > 423 K (Fig. 4b).
Besides, the spectra of the binary V,0,/TiO, samples are
(for the same annealing temperature) about one order of
magnitude less intense than those of the V,0,-W0,/TiO,
samples with the same vanadium loading. It can thus
be concluded that the ternary samples exhibit a higher
capability in stabilizing isolated tetravalent vanadium ions
than the corresponding binary samples.

The third family of V(IV) ions is likely constituted by
vanadylic groups which, in comparison with the magneti-
cally isolated ones, are close to one another. The mutual
magnetic interaction is high enough to smear the 'V hy-
perfine structure but is not high enough to give rise to
true coupled systems, the spectra of which are expected
to be very different.

The two families of magnetically isolated V(IV) have
a clear vanadylic character. This can be stated on the
basis of the relatively high value of both g, and a;
(giso = (&) + 2 2))/3, a, = (A + A,)/3) which fall,
according to the approach followed in (39, 40), in the
region typical of the vanadyl groups. These vanadyl ions,
furthermore, are stabilised at the surface (or near the
surface) of the anatase TiO, phase and should have, in
analogy with other well-defined species with similar spin-
Hamiltonian parameters, a square pyramidal symmetry.
This can be deduced on the basis of both a scrutiny of
the literature data on V,04/Ti0, (40, 41, 42, and references
therein) that evidences dramatic changes in the spectral
shape according to the nature of the support (anatase,
rutile, amorphous phases) and the location of vanadylic
groups (surface, reticular, interstitial). Furthermore, a
comparison of the spectrum of the V,0,-WO,/TiO, sam-
ple (Fig. 4a) with that of a binary V,05/TiO, reference
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sample (Fig. 4b) indicates that the single isolated species
present in the binary sample is practically coincident with
species I in Fig. 4a. The similarity of the VO?* ions present
on the binary reference samples and on the ternary ones
indicates that in these systems the vanadium oxide phase
primarily interacts with titanium oxide. The difference
between the binary and the ternary samples is, however,
not only quantitative (different amounts of tetravalent
vanadium) but also qualitative in that the ternary samples
only show two families of vanadyl ions with similar but
distinct spin-Hamiltonian parameters. The presence of
two types of isolated vanadylic VO?* groups seems to be
typical of the investigated ternary systems.

The role and even the presence in significant amounts
of V(IV) in the vanadia monolayer of TiO,-supported sys-
tems have been the object of along debate in the literature.
While several authors, on the basis of EXAFS, TPR, and
XPS data (43-46), concluded that pentavalent vanadium
is the only component of the overlayer on TiO,, other
authors showed the presence of nonnegligible amounts of
vanadium(1V) (47, 48, 49). The existence of both V(IV)
and V(V) is in line with the data of Jonson et al. (50),
who refer to V4*—V>* as the active redox couple in va-
nadia/titania samples.

The highly sensitive EPR technique has been quite ex-
tensively used in the study of vanadia/titania systems and
a quite large number of papers are available that report
EPR spectra of V(IV) on various, and variously treated,
V,0,/TiO, systems (42 and references therein, 51-54).
This technique, is not widely used for quantitative mea-
surements. Accordingly, while the presence of V(I1V) in
V,04/TiO, is generally accepted, its quantitative evalua-
tion by EPR is not an easy task and has been attempted, to
our knowledge, only by Rusiecka et al. (53), who reported
some 6% V(IV) in a vanadia on anatase sample with 1.2%
V,0; loading. Taking into account the poor accuracy of
the EPR quantitative measurements, this value can be
considered in agreement with data indicating roughly 15%
V(1V) derived with analytical titrimetric methods by the
same group (55) and other authors (54).

An explicit and precise evaluation by EPR of the con-
tent of V(IV) in the ternary V,05-WO,/TiO, is not among
the aims of the present paper. However, preliminary com-
parison of the spectral intensity of the ternary system
with those of frozen solutions of vanadyl acetilacetonate
in toluene shows that the observed V(IV) should be
around 8-10% of the total vanadium in the samples. This
result indicates that despite the observation that V(IV) is
a minor fraction of the total vanadium in the system,
its concentration can be considered high enough for an
adequate probe of the structural features of the V ions
anchored at the surface. A further difference between
ternary and binary V,0/TiO, samples is observed upon
outgassing at 823 K. After this treatment the tuning of
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the spectrometer was practically impossible in the case
of V,0,-WO,/TiO, (and of TiO, and WO,/TiO, as well)
because the concentration of quasi-free electrons in the
samples exceeded a limiting value. By comparison, in the
case of V,0,/TiO, samples the EPR spectra could be
monitored even after outgassing at this temperature.

4. UV-vis Diffuse Reflectance

4.1. Calcined samples. The UV-vis DR spectra of
TiO,, WO,/TiO,, V,04/TiO,, and V,0,-WO,/TiO, sam-
ples are presented in Fig. 5.

The spectrum of pure TiO, is dominated by the edge
relative to the 02~ — Ti** charge transfer to TiO, anatase
at 320-350 nm.

The WO,/TiO, sample shows an additional broad ab-
sorption near 430 nm. This absorption is responsible for
the pale yellow color of the samples and it can be due to
0%~ — W°®' charge transfer transition, as in the case of
monoclinic WO, (56), or to a perturbation of the TiO,
edge by surface tungsten oxide species. The absence of
significant absorptions in the visible region due to d-d
transition points to the absence of reduced W species with
respect to the d® hexavalent state of W°*.

The spectra of V,0,/TiO, samples show a strong addi-
tional absorption at 410 nm and an additional absorption
in the whole visible region with maximum at 670 nm; both
absorptions increase with V,0;loading. These bands have
been associated with the presence of V¢* in the form of
VO?* species (9); the band at 410 nm can also be explained
as due to a perturbation of the TiO, edge by surface vana-
dium oxide species.

The spectra of V,0,-WO,/TiO, samples show absorp-
tions at 410 and 520 nm and an absorption extending in
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FIG. 5. UV-vis DR spectra of calcined TiO, (a). WO4(9)/TiO; (b),

V,04(1.4)/TiO; (¢), and V,04(1.4)-WO(9)/TiO, (d), with BaSO, as ref-
erence.
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FIG. 6. Intensity of the absorptions at 520 nm in UV-vis DR spectra

as a function of the V,0s content for calcined (a) and reduced V,0,-WO;/
TiO, samples after 16 h outgassing (b) and 32 h outgassing (c). The
spectra were taken with WO3/TiO; as reference.

the whole visible region. All of these absorptions are more
intense in V,0,-WO,/TiO, samples than in WO,/TiO,
and V,0/TiO, samples with similar metal loadings. The
intensity of the absorption at 520 nm, with WO,/TiO, as
a reference, increases linearly with the V,05 content up
to the (W + V) monolayer coverage value (V,05 ~ 2.5%
w/w), as shown in Fig. 6. This absorption in principle can
be associated either with d-d transitions of reduced V
and/or W cations or with a O>~ — V>* charge transfer.
The absorption in the visible region is similar to that found
on reduced TiO, (57) and is due to the presence of quasi-
free electrons. However, that all these features are higher
in intensity in V,05-WO,/TiO, than in the corresponding
WO0,/TiO, and V,0,/TiO, samples indicates that a specific
electronic interaction occurs between W and V oxide spe-
cies, possibly involving the support.

4.2. Outgassed samples. The UV-vis DR spectra of
V,0,-WO,/TiO, samples outgassed for 16 h and 32 h were
recorded in situ at r.t. The color of the samples was much
darker (almost black), and absorptions more intense than
in the case of the calcined samples were measured in the
whole visible region and particularly at 520 nm (Fig. 6).
Under the same experimental conditions. The additional
absorption extending in the whole visible region was ob-
served to a much lower extent in the case of WO,/TiO,
(with a broad maximum at 530 nm) and to an even lower
extent in the case of TiO,; it has not monitored for the
correspondent V,05/TiO, samples.

These results are in line with the previous interpretation
of the above absorptions as due to the presence of quasi-
free electrons and to d—d transitions of reduced V and/
or W oxide species. The growth of these absorptions upon
outgassing of the ternary catalysts can be explained by a
reduction of the catalyst. It is in fact well known that
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TiO, increases its n-type semiconductor properties due
to oxygen deficiency upon reduction and/or outgassing
(e.g., at 673 K and 107* Torr for 1 h) [57]. Reduced tita-
nium oxides have been characterised recently and are
found to be dark in colour and to present a continuous
absorption in the visible region [58] as well as a higher
absorption in the IR region (57). These absorptions are
likely due to transitions involving nearly free electrons,
i.e., electrons placed in delocalised orbitals or in the con-
duction band. At low temperature (e.g., 77 K) the elec-
trons can be trapped in localized orbitals, originating typi-
cal EPR signals of Ti*". WO,/TiO, presents a similar
behavior whereas V,0/TiO, shows a higher tendency to
localise electrons at vanadium centers, giving rise to V**
ions. The behavior of V,0,—~WO,/Ti0, is similar to that
of WO,/TiO, but shows an easier reducibility. Besides,
when the temperature and/or the degree of reduction are
low the electrons are essentially trapped at vanadium
centers.

5. Vibrational Studies

The FTIR spectrain Fig. 7 and the Laser Raman spectra
in Fig. 8 of the supported species arising from V,0O; and
WO, components in the ternary and binary catalysts are
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FIG. 7. FTIR spectra of the supported phases (KBr pressed disks,
support spectrum subtracted) of V,04(1.4)/TiO, (a), WO3(9)/TiO, (b),
V,05s-W04(9)/TiO, samples with V,05 = 0.3% w/w (c), 1.0% w/w (d),
and 1.4% wiw (e).
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FIG. 8. Laser Raman spectra of calcinated TiO, (a), V,0s(1.4)/TiO,
(b), WO;(9)/TiO; (c), V,040.3)-WOy(9)/TiO, (d), and V,0:(1.4)-
WO,4(9)/TiO,(e).

reported in the 1100-700 cm™! range. The IR spectra (Fig.
7) have been taken in contact with air and KBr pressed
disks and the spectrum of the TiO, support has been
subtracted. The Raman spectra (Fig. 8) have been taken
in air using the pure powders. In this spectral region the
pure anatase support absorbs strongly below 800 cm™!
but does not show any IR maximum down to 450 cm™'. In
the Raman spectra of anatase TiO, only a weak overtone is
detected at 790 cm™! (Fig. 8a). Figure 9 shows the FTIR
spectra of pure powder pressed disks of the binary and
ternary catalysts after outgassing at 573 K. The spectrum
of the TiO, support has been subtracted in this case also.

The IR spectra of the binary V,0/TiO, catalysts corre-
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FIG. 9. FTIR spectra of pure pressed disks after outgassing at 573 K
for 15 min. Fundamental and overtone regions are shown. (a) V,05(1.4)/
Ti0,, (b) V,0s(1.4)-W0O;(9)/TiO,, (¢) V,040.3)-WO04(9)/TiO,, and (d)
WO4(9)/TiO;. The absorbance scales on the right are about 10 times
those on the left.
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spond to those already reported by our group (16, 17, 33,
59) and by other groups (14, 15, 18, 32). Two broad IR
bands are found near 950 and 880 cm™'. The Raman spec-
trum shows a broad peak, possibly split, with components
near 980 and 950 ¢cm™!, and a very broad scattering in
the region 950-700 cm~! with a maximum near 790 cm™!
corresponding to the TiO, overtone peak cited above.

The higher frequency IR and Raman features (1000-940
cm™!), the maximums of which shift slightly upwards on
increasing the vanadium content, both in IR (33, 59) and
in Raman (32), are assigned to the V=0 stretching mode
of vanadyl species in a hydrated form (16, 17). In dry
conditions the same mode is observed at 1035 (fundamen-
tal) and 2045 cm ™! (first overtone), with the former detect-
able also by Raman spectroscopy (16, 17, 32). The lower
frequency features have been assigned to the highest fre-
quency V-0 stretching mode of metavanadate species
(33). This assignment is based also on the Raman spectrum
reported by Went et al. (15) in anhydrous conditions,
which shows a sharper band in the region 915-930 cm™',
and on a detailed analysis of the IR and Raman spectra of
bulk Mg-vanadates (including Mg metavanadate), which
show that metavanadate species are characterised mainly
by V-0 stretching modes responsible for a strong IR band
at 888 cm™! and a strong Raman peak at 923 cm™' (60).
So, the surface vanadium oxide species appear to be con-
stituted essentially by monomeric vanadyl species and by
metavanadate-type polymeric species. It is worth nothing
that the coordination of vanadium in metavanadate spe-
cies can change from essentially tetrahedral, like in ammo-
nium metavanadate, to nearly octahedral, like in the
“‘brannerite-type’’ metavanadates (as MgV,0y).

The data and assignments discussed above substantially
agree with those already reported by Wachs and co-work-
ers (26, 32, 61), Bell and co-workers (14, 15, 18), and
other authors (45, 62) using Raman spectroscopy; they
also agree with those reported by a number of authors
using IR spectroscopic techniques (11, 47, 63-67).

The IR spectrum of the WO,/TiO, sample in ambient
conditions shows a relatively weak absorption near 980
c¢cm™! and a much stronger one near 700 cm™!. The corre-
sponding Raman spectrum shows a prominent broad peak
near 980 cm~' and a very broad scattering at lower fre-
quencies, with a peak maximum at 800 cm™'. According
to Vuurman et al. (32) this second maximum grows
strongly as a function of tungsten loading and should con-
sequently be associated with surface tunsten oxide spe-
cies. According to previous data (20) the peaks at 980
cm™! in both IR and Raman spectra are associated to
the W==0 stretching of wolframyl species. This mode is
detected near 1015 cm™' by both IR and Raman spectro-
scopies (32) in the case of outgassed dry samples, when
the wolframyl species are in a dehydrated form. The lower
frequency modes (800 cm™! in the Raman spectrum, 700
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cm™! in IR) are associated to W-O stretching modes of
structures similar to WO; or their hydrates, like
WO, - H20 (68). The position of these bands, according
to the data collected by Stencel (69), should correspond
to species where tungsten is in an octahedral environment
with no W=0 double bonds (as in the case of WO, poly-
morphs too). These species are also likely to be associated
with weak Raman peaks observed at the lower frequen-
cies, typically associated with deformation modes of
W-0-W bonds, i.e., at 324 and 273 cm™!,

The IR spectra of the ternary V,0,-WQO,;/TiO, samples
are similar to those of the binary WO;-TiO, samples, in
line with the relatively high WO, content and the low
V,0; content. Accordingly, two main IR absorptions are
evident at 980 cm™' and near 700 cm~!, together with a
broad absorption near 880 cm™! that is more pronounced
at high V loadings. The Raman spectra of ternary
V,0,-WO0,/TiO, samples show again a broad peak at 980
cm™! and very broad scattering centered near 800 cm™!.
The higher frequency IR and Raman features are both
associated with W=0 and V=0 stretchings of mono-
meric wolframyl and vanadyl species that are superim-
posed on each other. We note that the band at 950 cm™'
associated with the V-0 stretching mode of metavanadate
species, which is very evident in the V,0,/TiO, sample,
is present in the ternary catalysts as a shoulder because
in wet conditions it is partially covered by the W=0 and
V=0 stretchings of monomeric wolframyls and vanadyls.

Interestingly, when the samples are outgassed the V=0
and W=O0 stretching modes split clearly (see Fig. 9 for
the IR fundamental and overtone modes) and their posi-
tions are virtually the same as in binary V,05/TiO, and
WO,/TiO, samples, respectively. This datum was inter-
preted by us as evidence of the mutual vibrational and
structural independence of isolated vanadyl and wolfra-
myl centers (30, 70) and it has also been confirmed by
Vuurman et al. (32) using Raman spectroscopy in dry
conditions. In the IR spectra, the lower frequency features
in ternary systems are similar to those observed in binary
WO;/TiO, and should be taken as evidence of the pres-
ence of polymeric wolframate species. Also, we note
that for the sample with higher V,0; loading
(V,04(1.4)-W04(9)/TiO,) the IR band near 700 cm ! shifts
slightly towards higher frequencies upon increasing the
vanadia content. This could be interpreted by hypotizing
the formation of mixed W,V O, polymeric species. Infact,
the presence of vanadium in W,V O, polymeric species
can result in a shift of metal-oxygen stretching modes as
compared to W, O, species, due to its lower molecular
weight. The low-frequency modes near 320 and 270 cm ™!
(see above) are apparently not affected by vanadium.

Another interesting feature is the presence of a weak
absorption with a maximum near 880 cm™! that is more
evident in the samples with higher vanadium content. This
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feature could be due to small amounts of metavanadate
species.

Additional information can be obtained by comparing
the FT-Raman spectra of the pure support and of the
binary and ternary samples in the overall spectral region
(1200-100 cm™!). In Fig. 10 the FT-Raman spectra of
the support TiO, and of the V,0,/TiO,, WO,/TiO,, and
V,05~WO0,;/TiO, catalysts are shown for before and after
outgassing at 473 K for 3 h. The features assigned above
to surface vanadium oxide and tungsten oxide species
(essentially centered in the ranges 1000-700 cm ™' and
350-250 cm™") will not be evidenced or discussed further.
The support spectrum shows five peaks at 638, 515, 396,
196, and 143 cm ™!, due to the six Raman active fundamen-
tals of anatase, two of which are superimposed at 515
cm™' (71, 72). Outgassing only causes a slight weakening
of the absolute peak intensity and a slight increase of the
baseline at the high frequency side. The spectrum of the
V,04(1.4)/TiO, catalyst shows the same anatase peaks,
without any shift but weakened by a factor near 7. Outgas-
sing causes a further slight weakening of the anatase peaks
and an increase of the baseline at the higher frequencies
similar to that observed in the case of pure TiO,. The
spectrum of WO,/TiO, shows the anatase peaks weak-
ened by a factor 4.5. Outgassing causes a spectacular
decrease in the intensity of the anatase peaks by a factor
12 and the line base shows an increase similar to the
previous ones, emphasized by the scale expansion in
the figure. The spectrum of the ternary oxide
V,04(1.4)-W05(9)/TiO, again shows the anatase peaks
but they are dramatically decreased, by a factor 100 in
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comparison with those with pure TiO,. In the spectrum
recorded after outgassing the anatase peaks almost disap-
pear, but this is only in part due to a further decrease in
their intensity (which is almost constant); it is also due
to an increase of the Raman scattering baseline.

The above Raman experiments provide evidence for
three effects that are at least partially independent of each
other, namely:

(i) The decrease in the anatase peak intensities in sup-
ported metal oxides is observed in all cases but most
pronounced in the case of the V,04(1.4)-W0;(9)/TiO,
catalyst. This effect, first reported for V,0,/TiO, (45) has
also been found to be very pronounced in the cases of
Mo0,/TiO, and CuO/TiO, (72) and much weaker, but
significant, in the case of SiO,/TiO, samples (73).

(ii) The anatase peak intensities decrease upon outgas-
sing; the decrease is most evident in the case of the WO,/
TiO, catalyst. A complete loss of Raman scattering by
reduction has been reported previously for rutile (74).

(iii) The increase of the Raman scattering baseline by
outgassing is observed and is again most evident for the
ternary catalysts.

This last effect can be associated with the appearance
of broad absorption bands also in the IR spectra upon
outgassing. Indeed for all the investigated catalysts (in-
cluding TiO,) outgassing at 573 K causes the almost com-
plete loss of light transmission by the sample in the region
below 3000 cm ™!, which is restored completely upon calci-
nation. This effect is similar on all the above catalysts
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FIG. 10. FT-Raman spectra of calcined (dotted lines) and outgassed (solid lines) TiO, (A), WO4(9)/TiO, (B), V,041.4)/TiO,2 (C), and

V,05(1.4)-WOy(9)/TiO, (D).
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but it occurs at much lower temperatures when W is
present. This absorption necessarily involves the promo-
tion of some electrons to the TiO, conduction band.

As for the first two effects, it is known that Raman
scattering can be weakened (or broadened) and even lost
due to the following different factors:

(i) Increased disorder. Indeed, the strength and sharp-
ness of the Raman scattering peaks in bulk powders have
been related by some authors to their degree of crystallin-
ity (76). The possible role of surface disorder on ‘‘mono-
layer’’ catalyst surfaces in reducing Raman scattering has
already been proposed by some of us (72, 73) but it is
certainly not sufficient to explain the strong effects ob-
served in the present cases.

(ii) Increased absorption of the exciting radiation is
observed, with a consequent decrease in the intensity
of the (Raman) scattered light (75). This also leads to
temperature broadening that arises from heating due to
the increased absorption of the exciting radiation. Work-
ing with a visible (Ar) laser, Bond and co-workers (45)
first reported the effect of weakening the anatase Raman
peaks in the case of V,0,/TiO, catalysts and attributed it
to the increased absorption of the laser light with in-
creased V,0; content. However, this effect is observed
using both a visible laser (Ar) and the near-IR laser (Nd
YAG) of FT-Raman instruments. This effect does not
seem strictly or solely correlated to the absorption of the
laser light because, while CuO-TiO, and V,04/TiO, (both
of which show this strong effect) also absorb more than
TiO, in the NIR region, this is not the case for calcined
WO,/TiO, or SiO,/TiO, (which show this effect too, al-
though it is weaker). Moreover, calcined V,0,~WO;/TiO,
catalysts, with which this effect is most pronounced, do
not absorb more than V,0;-TiO, in the NIR region.

(iii) More complex solid-state phenomena like pho-
non—plasmon couplings.

DISCUSSION

The results in Fig. 1 and Table 1 show that the presence
of large amounts of tungsten (~9% w/w) are essential to
preserve the structural and morphological properties of
WO,/TiO, samples upon addition of vanadia, provided
that the (W + V) surface coverage is lower than one. In
this case the samples are monophasic and consist of the
anatase polymorphic form of TiO,. Traces of rutile and
V,0q, but not WO, or bulk V,0,/WO;, are detected upon
increasing the calcination temperature above 823 K and
for high vanadia loadings, when the (W + V) coverage is
close to or larger than that of the theoretical monolayer.
On the other hand, when the WO, loading is kept low, a
significant sintering of the catalyst is observed upon addi-
tion of V,0;.
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The structure of the vanadium and tungsten oxide sur-
face species present over the ternary V,0,—WOQ,/TiO,
catalysts with high tungsta content (~9% w/w) has been
investigated by FTIR and laser Raman spectroscopies.
Monomeric vanadyls and wolframyls, similar to those
present on the surface of the binary oxide systems with
comparable metal loadings, are observed over the samples
with low V,0; loadings. Indeed the positions of the V=0
and W==0 stretching modes in the ternary catalysts are
virtually the same as in the binary V,04/TiO, and WO,/
TiO, samples, respectively. The fundamental v(V=0)
stretching mode is detected at 980 cm ' in wet conditions
and at 1030 cm™! in dry conditions in both the IR and
Raman spectra, and the first overtone 2v(V=0) is ob-
served at 2045 cm™! in dry conditions in IR spectra. The
v(W=0) stretching mode is monitored at 980 cm ! in wet
conditions and near 1020 cm ™! in dry conditions in both
IR and Raman spectra, and the first overtone 2v(W=0) is
observed at 2020 cm™' in dry conditions in the IR spectra.
These results confirm the mutual structural and vibra-
tional independence of the isolated vanadyl and wolframyl
centers in the ternary catalysts. In addition to monomeric
vanadyls and wolframyls the presence of polymeric W, 0O,
species, similar to those observed in the binary WO,/TiO,
sample, is revealed by the IR band near 700 cm~! and by
the Raman bands at 800, 324, and 273 cm™!. On increasing
the vanadium content, polyvanadate species are also
formed, characterised by the IR band at 880 cm ™! and the
Raman band at 950 cm™'. Besides, slight evidence for the
presence of mixed W,V O, species, where Vanadium is
dispersed within the W-O-W chains of W O,, comes
from the shift towards higher frequency observed for the
IR band associated with W, O species and observed at 700
cm™! in WO,/TiO,. The formation of the mixed W, V.0,
species implies a structural interaction between V and W
centers over the TiO, surface.

Additional structural information on the surface V spe-
cies comes from EPR spectroscopy. Preliminary quantita-
tive evaluation by EPR indicates that 8-10% of the total
vanadium in the ternary samples is present as V(IV),
which appears to be enough for an adequate probe of the
structural features of the reduced ions anchored at the
surface of the support. The tetravalent vanadium ions are
present in vanadyl forms, as indicated by the g and A
values discernable from the EPR spectra; two families of
magnetically isolated vanadylic ions and more clustered
magnetically interacting ions are present at the surface.
The spin-Hamiltonian parameters of isolated species sug-
gest that the vanadylic ions are primarily stabilised
through interaction with the titania surface rather than
with the tungsta. However, only one of the two families
of isolated VO** ions present in the ternary samples has
been observed over the binary V,0,-TiO, samples. These
results suggest that in spite of the structural and vibra-
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tional independence of the isolaed V and W surface spe-
cies present in the ternary V,0,—WO,/TiO, samples, tung-
sta plays a role in determining both the amount and the
properties of the surface vanadyl ions in the ternary cata-
lysts.

EPR, UV-vis, and laser-Raman spectroscopies con-
verge in indicating a strong electronic interaction between
V and W oxide surface species and the TiO, support.
Indeed, WO,/TiO, easily loses oxygen by outgassing and,
when slightly reduced, shows the typical behavior of an
n-type semiconductor, i.e., quasi-free electrons, easily
promoted to the TiO, conduction band, are produced.
This interpretation is supported by the detection of a
broad absorption extending from the UV to the IR region,
by the impossibility of recording EPR spectra in the case
of outgassed WO,/Ti0O,, and by the increase of the Raman
scattering baseline upon outgassing due to excessive
amounts of quasi-free electrons. The same phenomena
occurs, but only under much more drastic conditions, in
the case of pure TiO,. On the contrary, V centers in
slightly reduced V,0s/TiO, seem to trap electrons, giving
rise to V** centers, well-evidenced by EPR and possibly
by the d-d absorptions essentially localised in the
UV-visible regions. When V,0; is added to WO,/TiO,
the production of quasi-free electrons is already made
easier on calcined samples, and it becomes even more
so after outgassing so that the EPR spectra cannot be
recorded, a strong absorption extending in the whole visi-
ble region is observed, and the anatase Raman peaks
are very strongly weakened. This electronic interaction
eventually accounts for a greater reducibility of the ter-
nary samples as compared to the binary ones so that the
EPR spectra of the calcined ternary samples are more
intense by one order of magnitude.

The V,0,-WO0,/TiO, catalysts exhibit higher reactivity
in the selective catalytic reduction of NO by NH; than
the corresponding binary V,0,/TiO, catalysts; the ternary
catalysts are active at lower temperatures and high selec-
tivities to N, are preserved in the high-temperature region.
As aresult, the temperature window for the SCR reaction,
corresponding to high NO, conversion and complete se-
lectivity to N,, is greatly widened. Calculations have
shown that the reactivity of V and/or W over the ternary
samples, identified in terms of specific rates of reaction
according to Eq. [1], is greater than that measured over the
corresponding binary system, which eventually indicates
the existence of a synergism between V and W oxide
species in the SCR reaction.

Although the formation of larger amounts of highly re-
active polyvanadate species in the ternary samples, due
to the decrease in the TiO, surface area which is available
for vanadium, is neither confirmed nor excluded by our
vibrational study, calculations indicate that this does not
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fully account for the increase in the catalytic activity.
Furthermore, the presence of highly reactive polyvana-
date species is also accompanied by lower selectivity to
N, in the SCR reaction (18, 19), which, however, is not
observed over the V,0,—~WO,/TiO, catalysts.

The higher reactivity of the ternary catalysts can be
associated with the existence of strong electronic interac-
tions between V and W oxide surface species revealed
by EPR, UV-vis and Raman spectroscopies. In fact, it
has been observed that this leads to a different reducibility
of the samples. Along these lines, recent TPSR/TPR ex-
periments performed in our laboratories in the presence
and in the absence of oxygen confirmed that the ternary
cataysts can be reduced at lower temperatures, due to
the participation of labile lattice oxygen atoms in the
DeNO, SCR reaction, and can be reoxidized more easily
by gaseous oxygen (77). Accordingly, the higher reactivity
of the ternary catalysts with respect to the corresponding
binary samples can be related to their superior redox prop-
erties.

The electronic interaction between V and W oxide sur-
face species may occur through oxygen bridging of the
polyhedra and/or through the conduction band of TiO,.
The former possibility is consistent with the formation of
mixed W,V O, species and with the detection of relatively
isolated VO?** ions that are slightly different from those
monitored over V,0,/TiO, by EPR. Considering that the
active sites for SO, oxidation have been envisaged as
dimeric vanadyls and that this reaction is favoured by
high degrees of oxidation of the active sites (4), a more
controlled extent of reduction of the V oxide species and/
or the dispersion of vanadium ions within polymeric W,0,
groups at the surface of titania may likely account for low
conversions in SO, oxidation and for high activities in NO,
reduction as well. These catalytic properties are indeed
common to all commercial DeNO, SCR catalysts.

Other factors, however, must be considered when com-
paring the reactivities in the SCR reaction of the ternary
and binary catalysts. For example, several authors assign
Brgnsted acid sites a pivotal role in the DeNO, reaction
(78 and references therein). There is no doubt that the
addition of tungsten significantly increases the surface
acidity of V,0,/TiO, catalysts. This was also confirmed
by recent TPSR and TPR experiments performed over
the catalysts used in the present work (77). However, as
pointed out by the catalytic activity runs shown in Fig.
2, the ternary samples already show significant activity
at low temperatures, where the reactivity of the samples
is not controlled by adsorbed ammonia but is likely gov-
erned by the mobility of the catalyst lattice oxygen. Thus
itis believed that the catalyst redox properties, rather than
surface acidity, is the factor that controls the reactivity of
the samples, at least at low temperatures. However, at
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high temperatures the surface acidity certainly plays an
important role in the adsorption and activation of am-
monia.

CONCLUSIONS

The following main conclusions have been obtained in
the present study performed over V,0,-~WO,/TiO,
DeNO, catalysts:

(i) Monophasic materials with high surface areas are
obtained for large tungsta contents (WQ; = 9% w/w) and
(V + W) surface coverages lower than one (V,05 < 2.56%
w/w).

(ii) Monomeric vanadyls and wolframyls and polymeric
W, O, groups are observed in the submonolayer samples
and are apparently similar to those observed over the
binary catalysts. Polyvanadate species are also observed
at high vanadia contents. Mixed W,V,0, species, where
vanadium is dispersed within the W-O-W chains of
W.0,, and relatively isolated VO** ions slightly different
from those monitored over V,04/TiO, are also observed
in the ternary catalysts.

(ili) A strong electronic interaction operates between
V and W oxide surface species and the TiO, support,
which results in a higher reducibility of the ternary cata-
lysts with respect to the corresponding binary samples.
The electronic interactions lead the formation of free elec-
trons and may operate through oxygen bridging of the
polyhedra and/or through the conduction band of the ana-
tase TiO, support.

(iv) The ternary catalysts are more active than the corre-
sponding binary ones because a synergism operates be-
tween V and W oxide species in the SCR reaction. This
can be eventually related to the strong electronic interac-
tions between V and W oxide surface species and the
TiO, support and, accordingly, to the higher reducibility
of the ternary samples.
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