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Abstract

The fresh catalyst V2O5–WO3/TiO2 and catalyst used in SCR for 9000 h have been studied by the solid state51V NMR
spectroscopy in static and MAS conditions. According to51V NMR in both samples the majority of vanadium sites are in
a distorted octahedral environment similar to that in V2O5. There is a strong interaction between vanadium oxide and the
support, but the concentration of vanadium atoms strongly bound to the surface is very small and can be detected only in
MAS NMR experiments or after removing the excess of V2O5. There is no influence of WO3 additives on the structure of
the particles of V2O5, whereas the influence on the structure of strongly bounded V cannot be excluded. Combination of
static (wide line) and MAS NMR techniques permit the characterization of not only the structure of the vanadium species
but also small changes in their local environment. Hence these experiments show that there are some distortions of the local
environment of vanadium sites of the vanadium oxide particles compared with the polycrystalline V2O5; treatment by SCR
increases these distortions. ©2000 Elsevier Science B.V. All rights reserved.

Keywords:Solid state51V NMR; Static and MAS experiments; SCR catalyst

1. Introduction

In recent years solid state high-resolution51V NMR
has become a powerful tool for studying the local en-
vironment of nuclei in polycrystalline vanadium sam-
ples [1–11]. In general, three main types of interaction
determine the lineshape of the polycrystalline NMR
spectra of quadrupole nuclei: (i) the dipole interaction
of the magnetic moment of the nucleus with the mag-
netic moments of other nuclei that broadens the NMR
lines; (ii) the quadrupole interaction of the nucleus
with the electric field gradient that splits the lines and
contributes to the shift of the central transition; (iii) the
chemical shielding interaction that changes the posi-
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tion of the lines and makes them asymmetric. In some
cases, significant paramagnetic interaction could oc-
cur in catalysts, in relation to the redox properties of
thesereactivesolids. In practice, the relation among
these interactions determines the real lineshape of the
spectra. Thus in a high magnetic field (H0 > 7T), the
lineshape of the central transition in51V NMR spectra
is determined mainly by the anisotropy of the chemical
shielding tensor. The conclusions on V coordination
(tetrahedral or octahedral, regular or distorted) and the
extent of association of vanadium oxygen polyhedra
can be drawn based on the type and magnitude of the
chemical shielding anisotropy.

New techniques which have appeared recently per-
mit the precise extraction of all the parameters of
chemical shielding and quadrupolar tensors (including
relative orientation of tensors) that determined NMR
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lineshape. Among these techniques are: SATRAS —
the high speed magic angle spinning (MAS) with the
precise analysis of the intensity of spinning sidebands
(ssb) [12–16], high-resolution multiple quantum MAS
NMR spectroscopy [17–20], especially designed
spin-echo experiments [21,22], etc.

Herein we present the51V NMR characterization of
the polycrystalline V2O5 and V2O5–WO3/TiO2 cata-
lysts by both static and MAS NMR techniques.

2. Experimental

51V NMR measurements have been made on Bruker
MSL-400, DSX 400 and ASX 400 spectrometers
(ν0 = 105.2 MHz for51V resonance) using spin-echo
and one-pulse (wide line and MAS) techniques. MAS
spectra of powders were recorded at rotation frequen-
cies of 6–15 kHz using 4 and 5 mm (outer diameter)
rotors and the NMR probes from Bruker and con-
structed by Jakobsen [23]. Repetition time of 0.1–2 s
and the rf pulse angle of aboutπ /12 (corresponding
to rf pulse duration of 2 and 1ms for Bruker High
Power and MAS probes, respectively) were used in
the experiments. The NMR spectra distortions re-
sulting from the finite rf excitation and NMR probe
Q-factor were minimized by recording the spectra
with different frequency offsets and applying sub-
sequent numerical correction which is necessary for
quantitative analysis of SATRAS experimental data
[14]. All chemical shieldings are referenced to VOCl3
as an external standard. For better phasing and min-
imizing of baseline distortions in NMR spectra, the
linear prediction (backward LP-SVD method) of the
first few (2–6) free induction decay (FID) data points
and, in evident cases, polynomial baseline corrections
were used.

Simulations of51V static and MAS NMR spectra
were performed taking into account the second-order
quadrupole correction (although it was not necessary
in this case) and using the general purposes NMR1
program described earlier [24]. A particular variant of
this program especially adopted to the fast computa-
tion of ssb intensities in MAS experiments (Herzfeld
and Berger approach [25]) was used for SATRAS sim-
ulations and least-squares fittings. Computations were
performed on an IBM PC compatible computer with

P-90 processor and a SUN Sparc Station 10 equipped
with 90 MHz ROSS Hyper Sparc CPUs.

Samples were first studiedas received. The influ-
ence of the outgassing procedure was evaluated after
a vacuum treatment performed at 300◦C for 12 h.
A procedure to remove the excess of V2O5 was at-
tempted using diluted nitric acid solution at ambient
temperature. Samples were then completely washed
with distilled water, dried and calcined at 300◦C.

3. Results and discussion

3.1. Static51V NMR spectra

It is a well known fact that the so-called instru-
mental effects (such as “dead time”, the bandwidth
of the probe, phasing effects) influence the51V NMR
lineshape of solid samples [6,14]. Nevertheless, for
powdered samples (the case typically met in hetero-
geneous catalysis) it is common that only the central
transition (−1/2↔ +1/2) can most probably be ob-
served, while other transitions are too broad to be de-
tected. This permits the use of single pulse excitation
as a preliminary step of the investigation (taking into
account that these spectra represent only a small frac-
tion of the actual signal from V5+ sites). In the case of
high-field51V NMR, the lineshape of the central tran-
sition is mainly determined by the chemical shielding
anisotropy. The type and the magnitude of the chemi-
cal shielding anisotropy can serve as a reliable criteria
for characterization of V coordination and the extent
of association of vanadium–oxygen polyhedra.

Fig. 1 shows51V static wide line NMR spec-
tra of V2O5 (Fig. 1a) and both fresh and used
V2O5–WO3/TiO2 catalysts without any additional
treatment (Fig. 1b and c). The spectra were recorded
with the use of single pulse excitation at 105.25 MHz
and linear prediction of the first two FID points.

It is clearly seen that the spectra of the fresh and
used catalysts and V2O5 exhibit similar shape and po-
sition so that these spectra can be typically ascribed
to the V5+ sites in a distorted octahedral environment.
It is also evident that for this particular case, at least
for pure V2O5 and fresh catalysts, not only central
transition, but also satellite transitions are observable
in the one-pulse spectra. Some changes of the line-
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Fig. 1. Wide line one-pulse 105.25 MHz51V NMR spectra. (a) V2O5, (b) fresh V2O5–WO3/TiO2 catalyst without vacuum outgassing,
(c) used V2O5–WO3/TiO2 catalyst without vacuum outgassing. Simulated one-pulse spectra (data set 5 from Table 1) with quadrupolar

constantCQ distributed around 799 kHz in a Gaussian-like fashiong(x) =
(
1/1Q

√
2π

)
exp(−x2/212

Q), (d) ∆Q = 0, (e) ∆Q = 50 kHz,

(f) ∆Q = 75 kHz, (g)∆Q = 100 kHz.

shape observed for catalyst samples in comparison
with polycrystalline V2O5 (broadening and smashed
of the characteristic points) can be explained by the
following reasons: (i) distribution of NMR parame-
ters due to the imperfect structure of V2O5 dispersed
over the TiO2 surface; (ii) increase of the individual
NMR line width due to the presence of paramagnetic
species; (iii) superposition of several lines.

The standard vacuum outgassing procedure results
in partial catalyst reduction that diminishes the inten-
sity of NMR signal due to the presence of paramag-
netic V4+ species. The intensity of the51V NMR sig-
nal after standard vacuum outgassing diminishes about
four times for both fresh and used catalysts (Fig. 2,
spectra b,e). NMR signals from51V nuclei located
near V4+ are unobservable or are significantly broad-
ened as may be seen from the spectra. Water adsorp-
tion is accompanied by the formation of [H2VO4]−
species (narrow signal withδ = −559 ppm in Fig. 2c
and f) that indicate the pH∼ 7 of the water condensed
on the catalyst surface [26].

Since51V is a quadrupole nucleus additional NMR
experiments (high speed MAS experiments) allowed

us to obtain parameters characterizing chemical
shielding and quadrupole interaction for pure V2O5.

After comparison with the results known from the
literature these parameters were used as the starting
point for the interpretation of51V NMR spectra of
the catalysts under study.

3.2. Magic angle spinning spectra

High speed MAS NMR with the subsequent anal-
ysis of the intensities of all spinning sidebands
(SATRAS technique) was used for V2O5 in order to
extract additional information about chemical shield-
ing and quadrupolar tensors along with their relative
orientation. Fig. 3 shows the spinning sideband pat-
tern obtained for V2O5 and for both fresh and used
catalysts with the rotation speed of 6–8 kHz. All these
spectra are characterized by only one set of spin-
ning sidebands and the same value of isotropic shift
σ iso= −612 ppm. Nevertheless, the intensities of the
sidebands, as well as the envelope of MAS spinning
sidebands, and a wide line in the bottom of the spec-



382 A.A. Shubin (Ru-1) et al. / Catalysis Today 56 (2000) 379–387

Fig. 2. Static51V NMR spectra of V2O5–WO3/TiO2 catalysts at 105.25 MHz recorded using single pulse excitation. (a)–(c): Fresh catalyst;
(d)–(f): used catalyst. (a) and (d): spectra measured without vacuum outgassing; (b) and (e): spectra of the vacuum outgassed catalysts;
(c) and (f): after water adsorption on the catalysts.

tra are quite different for all samples. To clarify the
changes revealed in the spectra some simulations of
MAS NMR spectra were performed.

Analysis of the intensities of the spinning sidebands
for pure V2O5 with the least-squares fitting of seven
parameters started from the values of interaction pa-
rameters chosen near the literature values [12,15],
results in two local minimums for bothνr = 5.860
andνr = 6.836 kHz (Table 1). It is obvious that data
sets 1 and 3 from Table 1 correspond to the same
minimum, moreover, the root-mean-square deviations
for them are about 1.5 times smaller then for data sets
2 and 4, accordingly. An average between data sets 1
and 3 (data set 5 in Table 1) parameters was chosen
for V2O5 and used in subsequent spectra simulations.
Note that these parameters are slightly different from
previous values, mainly the large value of the asym-
metry parameterηQ = 0.21 for quadrupole coupling.
Nevertheless, they reproduce with a high quality the
MAS spectrum of V2O5. Fig. 4 demonstrates experi-
mental MAS51V NMR spectrum of V2O5 along with
the experimental and numerically fitted ssb intensi-
ties. The broad line in the bottom of the MAS NMR
spectra of the catalysts (Fig. 3b and c) may come, in
principle, from two different sources. It may be the
influence of the distribution of interaction parameters

Fig. 3. 105.25 MHz51V MAS NMR spectra. (a) V2O5 at spin-
ning frequencyνr = 5.86 kHz, (b) V2O5–WO3/TiO2 fresh cat-
alyst at νr = 7.375 kHz, (c) V2O5–WO3/TiO2 used catalyst at
νr = 7.98 kHz.



A.A. Shubin (Ru-1) et al. / Catalysis Today 56 (2000) 379–387 383

Table 1
51V quadrupole tensor parameters (CQ, ηQ)a, chemical shielding tensor parameters (δσ , ησ , σ iso)b, and Euler angles (α, β, γ ) describing
the relative orientation of quadrupole tensor with respect to chemical shielding tensor for V2O5 from 105.25 MHz51V MAS NMR

Data set νr (kHz) No. of ssb’sc CQ (kHz) ηQ δσ (ppm) ησ σ iso α (deg)d β (deg) γ (deg)d

1 5.860 74 799 0.22 635 0.09 612e 146 127 139
2 5.860 74 811 0.04 625 0.09 – 141 127 5
3 6.836 59 799 0.20 637 0.13 – 133 128 151
4 6.836 59 813 0.18 635 0.13 – 126 128 31
5 799 0.21 636 0.11 – 140 127.5 145
(Mean data from 1 to 3)

a Nuclear electric quadrupole momenteQ, electric field gradient tensor eigenvalues (Vxx , Vyy , and Vzz = eq) are connected withCQ

andηQ by the relations:CQ = e2qQ/h; Vxx = 1/2(−1− ηQ)Vzz; Vyy = 1/2(−1+ ηQ)Vzz.
b The eigenvalues of chemical shielding tensor are expressed byδσ , ησ andσ iso in the following manner:σxx = 1/2δσ (−1− ηs) + σ iso;

σyy = 1/2δσ (−1+ ησ ) + σ iso; σzz = δσ + σ iso.
c Number of spinning sideband intensities used in optimization.
d Angles α and γ are determined with significant error because the symmetry of chemical shielding tensor and quadrupole tensor is

close to axial.
e σ iso was determined from the position of zero spinning sideband and presented here without second-order quadrupole shift correction

which is about 0.1 ppm in this case and is significantly smaller then the error connected with the use of external standard VOCl3 (its
concentration, temperature, etc.).

Fig. 4. (a) Experimental51V MAS NMR spectrum of V2O5 at νr = 5.86 kHz (the same as Fig. 3a, but shown without baseline correction),
(b) stick plot of integrated experimental ssb intensities for V2O5. (c) and (d) simulated ssb intensities at the sameνr , (c) with data set 5
from Table 1, (d) with data set 2 from Table 1.

around the values typical for V2O5 or another (one
or more) broad signal overlapping with V2O5-like
spectrum. The51V MAS spectra dependence on the
Gaussian-like distribution of the quadrupolar constant
CQ around the value for V2O5 is demonstrated in Fig.
5. The difference in the envelope of MAS spinning

sidebands for Fig. 5a and d is detectable but neverthe-
less small. At the same time, the difference caused by
CQ distribution is more observable in the one-pulse
spectra of static samples. Simulated static spectra
(Fig. 1d–g) may be directly compared with the experi-
mental (Fig. 1a–c). The visual comparison of these
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Fig. 5. Simulated 105.25 MHz51V MAS NMR spectra of V2O5 at νr = 7.98 kHz using data set 5 from Table 1 and quadrupolar constant
CQ distributed around 799 kHz in a Gaussian-like fashion. (a)∆Q = 0, (b) ∆Q = 50 kHz, (c)∆Q = 100 kHz, (d)∆Q = 200 kHz. Individual
NMR line width was Gaussian with∆ = 0.9 kHz.

spectra shows that the V2O5-like signal in the fresh
catalyst may be characterized by the effective distribu-
tion of the quadrupolar constant with the distribution
∆Q = 50–75 kHz, while for the used catalyst∆Q ≈
100 kHz or larger for the V2O5-like part NMR signal.
Simulated MAS spectra with distributedCQ (Fig. 5)

Fig. 6. Simulated 105.25 MHz51V MAS NMR spectra of V2O5 at νr = 7.98 kHz using data set 5 from Table 1 andσyy distributed around
its initial value in a Gaussian-like fashion. (a)∆σ = 0, (b) ∆σ = 35 ppm, (c)∆σ = 50 ppm, (d)∆σ = 75 ppm. Individual NMR line width
was Gaussian with∆ = 0.9 kHz.

do not show any broad line in the base of the spec-
tra. It may be expected only for significantly large
(few MHz) quadrupole constants and quadrupole pa-
rameters distribution widths, when the second-order
quadrupole effects are noticeable. For this case more
sophisticated models of parameters distribution exist
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[14]. Simulated MAS spectra with any principal com-
ponent of chemical shielding tensor orσ iso distributed
around V2O5 values (Fig. 6 is the typical example)
demonstrate the possibility of obtaining broad lines
in the bottom of the spectra (Fig. 6c and d). Never-
theless, we have to exclude this reason (at least, for
Gaussian-like parameters distribution) because exper-
imentally observed (Fig. 3b and c) line widths of all
spinning sidebands (even for sidebands with the large
numbers on the spectra edges) are smaller than ssb
line widths in Fig. 6c and d (which are necessary to
reproduce the broad line in the spectra). Therefore, the
broad line in the51V NMR spectra of catalysts should
be assigned to another signal with parameters signif-
icantly different from those for V2O5. More detailed
information may be obtained from 15 kHz rotation
speed51V MAS NMR experiments when spinning
sidebands of very minor species seem to be observable
(Fig. 7a). In this case for the fresh catalyst one signal
is detected in addition to that of V2O5. The unshifted
band with the variation of spinning speed was found at
σ iso= −664 ppm (species 2). Unfortunately due to the
significant overlapping of spinning sidebands from the
V2O5-like signal and this new one it is difficult to de-
termine the exact values of all magnetic resonance pa-
rameters. It is obvious from the spectrum that only the
signal withσ iso= −664 ppm is characterized by a sig-
nificantly larger chemical shielding anisotropy. MAS
NMR spectra of the used catalyst recorded at 15 kHz
(Fig. 7b) show the presence of V2O5 like species
and the species withσ iso= −664 ppm but with less
intensity in comparison with the fresh catalyst. In ad-
dition, a third species (species 3) seems to be revealed
at these rotation speeds. From itsσ iso= −553 ppm
value and the envelope of sidebands pattern, this sig-
nal is consistent with a polymeric surface vanadium
species in a distorted environment and has already
been observed in the case of unpromoted V2O5/TiO2
catalysts [11]. To complete the observation of the
minor signal (broad line and/or species 2 and 3) with
spinning rates of 6–15 kHz, measurements at very
high rotation have been performed at 35 kHz, using a
new Bruker probe. The main conclusions are (Fig. 8):
1. A real difference exists between the fresh cata-

lyst spectrum (Fig. 8b) and V2O5 spectrum (Fig.
8a). This difference can be attributed to the broad
line previously observed (6–15 kHz). Neverthe-
less, at 35 kHz rotation, this broad line appears

Fig. 7. 51V MAS NMR spectra of fresh (a) and used (b) samples
recorded at 105.2 MHz at spinning frequencyνr of 15 kHz.

narrower, which suggests that these species prob-
ably originate from very strong interactions with
the support.

2. With 35 kHz rotation, we cannot say whether or
not species 2 at−664 ppm previously observed
with 15 kHz rotation is present, due to overlapping
with the broad signal. Then, information concern-
ing species 2 (and consequently species for the
used catalyst) must be considered with some care.

In addition, at the present stage of knowledge it
is difficult to attribute signal 2 withσ iso= −664 ppm
in fresh and used catalysts to any influence of WO3
promoter on V5+ chemical shielding. Nevertheless,
comparison with literature data [4,7,11,27,28] shows
that in binary V2O5/TiO2 systems no such signal has
been observed yet. The presence of signal 2 could arise
from other constituent compounds in the solid: SiO2,
Al2O3, CaO, or SO42−.

Thus, the following conclusions on the structure of
the catalysts can be drawn from the MAS data:

(i) MAS NMR spectra of fresh and used cata-
lysts indicated that the significant part of V5+ ions



386 A.A. Shubin (Ru-1) et al. / Catalysis Today 56 (2000) 379–387

Fig. 8. 51V MAS NMR spectra of pure V2O5 (a) and fresh sample
(b) recorded at 105.2 MHz at spinning frequencyνr of 35 kHz.

occupied one type of V sites close to that in V2O5; (ii)
there is some distribution of NMR quadrupolar pa-
rameters (for the V2O5-like part of the spectra) in the
catalysts compared with polycrystalline V2O5; (iii)

Fig. 9. 105.25 MHz one-pulse static andνr = 6.4 kHz MAS51V NMR spectra of washed V2O5–WO3/TiO2 catalyst. (a), (b): Fresh catalyst;
(c), (d): used catalyst. (a), (c): MAS spectra; (b), (d): static spectra.

the catalyst treatment increases defects in the structure
(which follows from the increase in the distribution of
NMR parameters and the more intensive broad signal
in the used catalyst); (iv) there are probably two other
types of vanadium sites in V2O5–WO3/TiO2, one
of which (signal 3) may be attributed to vanadium
strongly bounded with the TiO2 support and another
one (signal 2) may be caused by the presence of ele-
ments different from TiO2 which are components of
the solid, but their content is very low.

3.3. Static and MAS spectra of the vanadia strongly
bounded to titania

The removal of the excess of V2O5 from the cata-
lysts surface results in the spectra presented in Fig. 9.
It is clearly seen that the spectra of vanadium strongly
bounded with the titania surface differ markedly from
V2O5 and from each other. Spectra of the strongly
bounded vanadia correspond to more distorted vana-
dium environments, moreover these spectra could be
the superposition of different lines from inequivalent
vanadium sites. It is not possible to compare these
spectra with the analogs for the catalysts V2O5/TiO2
without WO3 additive. Therefore, we could not make
any conclusion about the influence of WO3 on the
structure. At the same time, conclusions about the in-
fluence of the treatment procedure on the structure of
the strongly bound vanadia could be made easily.
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4. Conclusions

Comparison of the data obtained for V2O5–WO3/TiO2
catalysts with the51V NMR results for VOx /TiO2
catalysts presented in literature [3–8,11] permits us
to make the following conclusions.

Most of the vanadium (V) atoms detected in
V2O5–WO3/TiO2 catalysts are in a distorted octa-
hedral environment and are most likely in a similar
structure to V2O5. Surface isolated and monolayer
species that could be observed in catalysts prepared
by grafting or other procedures [8] are not detected
in this case. Nevertheless, some peculiarities of the
observed structure should be emphasized.
1. There is a strong interaction between V2O5 and

the support, but the concentration of vanadium
atoms strongly bounded to the surface is very
small. This strongly bounded vanadium may be
detected in high speed MAS NMR experiments
or after removing excess V2O5.

2. The local environment of vanadium sites of the
V2O5 particles in the catalysts are more distorted
as compared with the polycrystalline V2O5; treat-
ment under reaction conditions increases the dis-
tortion.

3. There is no influence of paramagnetic V4+ on the
structure of V5+ in the “towers” of V2O5.

4. There is no influence of WO3 additives on the
structure of the “towers” of V2O5, whereas the
influence on the structure of strongly bound V
could be supposed.
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