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Abstract: The first observations of the complete manifold of spinning sidebands (ssbs) including both the
central and satellite transitions in 'V MAS NMR spectra of surface vanadia nanoparticles on titania in
DeNOy catalysts are presented. 51V quadrupole coupling and chemical shift anisotropy parameters for the
dominating vanadia structure are determined from 5V MAS NMR spectra recorded at 9.4 and 14.1 T.
Based on correlations previously established between 5V NMR parameters and crystal structure data for
inorganic vanadates, the NMR data are consistent with vanadium in a distorted octahedral oxygen
coordination environment for the so-called strongly bonded vanadia species on the surface. The investigation
includes two vanadia—titania model catalysts and six industrial-type DeNO, catalysts.

1. Introduction have shown that both %¥OH and V=0 groups on the titania
The combustion of fossil fuels and other organic materials Surface are required for the reaction, which is initiated by
results in the formation of harmful nitrogen oxides (§@hich adsorption of ammonia on Brgnsted acid sites—QH),

greatly contribute to the formation of smog and acid rain. The followed by activation of ammonia via reaction with redox sites
reddish-brown smog in urban areas, caused by the photochemi{V=0). The activated ammonia then reacts with weakly
cal oxidation of NO to N@, and the damage to forest areas adsorbed NO to yield dinitrogen and water. Furthermore, recent
have revealed the immense environmental problems the worldtheoretical studies have provided insight into the nature of
is facing today. As a result, increasingly stringent local adsorption and surface reaction of ammonia with nitric oxide
governmental and global political restrictions are imposed on involving these surface sités? Nevertheless, despite various
the emission of NQfrom power plants, various industries, and characterizations of the vanadititania catalyst system by
vehicles. Thus, one of the challenges to research in heterogedifferent method3? a controversy still exists regarding the exact
neous catalysis has been the development of efficient catalystsstructure around vanadium for the strongly bonded vanadia
for removal of NQ from the flue or exhaust gases by the nanoparticles on the titania surface.

selective catalytic reduction (SCR) process where, N© Solid-state’’V NMR spectroscopy has been one of the most
reduced by ammonia to form dinitrogen and water. This has popular techniques in studies of vanadia/titania catalyst systems
motivated the need for further understanding the relationships during the past 15 yeat.?” Generally, these studies are
between chemical structure and catalytic performance of performed using magic-angle spinning (MAS) and/or static
heterogeneous catalysts. Vanadia supported on the surface of(3) topspe, N.-vScience1994 265 1217.

anatase, a titanium dioxide (T#Dpolymorph, is the commonly ggg $0p8ﬂe, N¥ _I?umesic,HJ.:DTopsw_e,ﬁ.ga}a:.%ggg %gi ggé.
. . . opsge, N.-Y.; Topsge, n.; bumesic,JJ.Catal. .
employed DeNQ catalyst today. Tungsten trioxide (Wg) is (6) Topsge. N. Y.: Topsge, Katal. Todayl991 9, 77.
often added to enhance the thermal stability and catalytic (7) Topsze, N.-Y.; Anstrom, M.; Dumesic, J. 8atal. Lett.2001, 76, 11.
] (8) Anstrom, M.; Dume5|c J. A Topsge, N. Catal. Lett.2002 78, 281.
performanc (9) Anstrom. M.; Topsge, N. Y.; Dumesic, J. A. Catal. 2003 233 115.
Vari r | referen in ref 1) have previously (10) EUROCAT GROUPCatal. Today1994 20.
arious proposals (see references in ref 1) have previously ;¢ = o= BX S Rl VW Shibin, AL A.: Krasiinikov, V. N
been made regarding the mechanism of the DeNfaction Samaraev, K. IProg. Nucl. Magn. Reson. Spectrod@92 24, 457.

based on studies of structurectivity relationships of the — (12) Eckert, H.; Wachs, I. E]. Phys. Cheml989 93, 6796.

X i . . (13) Eckert, H.; Deo, G.; Wachs, I. E.; Hirt, A. MColloids Surf.199Q 45,
catalysts. In particular, combined FTIR and activity stu#liés 347.
(14) Eckert, H. INNMR Techniques in CatalysiBell, A. T., Pines, A., Eds.;
Marcel Dekker: New York, 1994; pp 19230.

)
)
)
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)
)
)
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methods and have focused on the determination of chemicalNMR spectra (i.e., for both thé central and satellite
shift parameters from the appearance of the central transitiontransitions) of nanoparticles for vanadia/titania samples prepared
for the 5V quadrupolar nucleud (= 7/,). Thus, these studies as model catalysts and for some samples prepared as actual
involve determination of’V chemical shift anisotropies (CSAs) industrial-type catalysts, where the vanadia/titania phase is
with the purpose of correlating the isotropic as well as the attached to a mechanical support. Analysis of the spectra has
anisotropic part of the chemical shift tensor with the coordination allowed determination of the'v quadrupole coupling as well
number for the vanadium sites. Solid-st&l®% MAS NMR as the CSA parameters, leading to an improved characterization
studies, performed during the past decade for a number ofof the surface vanadia nanoparticles for the different samples.
inorganic vanadate model systems, have shown that simulta-
neous determination of parameters for both ¥hé chemical

shift and quadrupole coupling tensorial interactions along with ~ Materials. The preparation of two model catalysts, containing
the relative orientation of these tensors allows improved vanadia corresponding to 2 and 6 wt % vanadium pentoxid®V
correlations of NMR parameters with structural feati#fed436 supported on anatase (TiGurface area 90 #y), labeledl and 2,
Clearly, more reliable information for the characterization of €SPectively, has previously been reported by Topsge efTak
the vanadia species on the anatase surface may be obtained hpdustrlal—type catalyst samples were prepared on a support material

both theV chemical shift and d I i consisting of anatase>80 wt %) coated onto a glass-fiber mat. The
oth t V chemical shift and quadrupole coupling parameters loading of vanadia on this composite material corresponds to 1, 3, and

are determined. To our knowledgeyV quadrupole coupling g wt 9 \/,05, with and without the presence of an additional 7 wt %
constants Gq) are reported or estimated in only a few cases wo,. For the industrial-type catalysts, the glass-fiber material was
for the vanadia/titania system, with the exception of the value removed before the NMR measurements. No precautions were taken
Co = 0.80 MHz for \,Os often observed as a separate phase to store or handle the sample under anhydrous conditions.

in the preparations of this system. The t@gvalues determined IV NMR Spectroscopy. >V MAS NMR experiments were per-
(14.7 and 15.9 MHZ} have magnitudes about a factor of 2 formed at 9.4 (105.1 MHz) and 14.1 T (157.7 MHz) on Varian Unity
larger than the usual maximur@, values determined for INOVA-400 and -600 NMR spectrometers, respectively, using a home-
vanadium compounds. These two values were obtained fromPuilt 4 mm CP/MAS NMR probe with 4 mm o.d. zirconia rotors, with
analysis of spectra for the central transition, assuming the.anegllglble content of aluminum oxide impuriti€sSpinning speeds

in the range 1215 kHz with a stability ott2 Hz were obtained using

appearance of second-order quadrupole line shapes within thea Varian rotor-speed controller. Spectral widths 6#2MHz combined

spinning sidebands (ssbs) for this transition. This apparent i excitation pulses of 0.5:s /By ~ 55 kHz) and 0.51 s

discrepancy calls for the observation of th&/ satellite relaxation delays were employed to allow observation of the complete
transitions in MAS spectra of the vanadium species within the manifold of ssbs from the vanadium species and to achieve the best
domains of vanadia nanopatrticles for these systems, that is,excitation of the outermost ssbs. To obtain a good signal-to-noise ratio,
observation of the complete’v. MAS NMR spectrum, a 50 000-660 000 scans were recorded. Baseline distortions were
spectrum not yet reported for surface vanadia nanoparticles forsuppressed using linear prediction of the first few data points of the
reasons of low sensitivity and/or too narrow receiver bandwidth. FID followed by phasing and baseline correction employing the VNMR
Analysis of MAS NMR spectra for thelV satellite transitions software 5V chemlcgl st_mfts are relative to an external sample of neat
should throw more light on the magnitude@j in these surface VOCI3..B_eca_u_se the |nd|V|dL_JaI ssbs for several of the sa_mples are very
systems. Based on recent signal-to-noise (S/N) improvementsbroad’.'t is difficult to determme.the proper phase-correction parameters.
- . . N Following our procedure described elsewh&rthese parameters were
for our home-bUI!t high-field, hlgh-spegd spinning (4 mm) CP/ determined from &V MAS NMR spectrum of the central and satellite
MAS probes? this study reports the first completd/ MAS transitions for a sample of Mg(V4) recorded using the exact same
experimental conditions (i.e., spectral width, pulse width, and carrier
(19) Mastikhin, V. M.; Terskikh, V. V.; Lapina, O. B.; Filimova, S.V.; Seidl,  frequency). The numerical analyses (simulations, least-squares opti-

M.; Kndzinger, H.Solid State Nucl. Magn. Resch995 4, 369. o .
(20) Courcot, D.; Brzybowska, B.; Barbaux, Y.; Rigole, M.; Ponchel, A; Mizations, and error-analysis) of tf&/ MAS NMR spectra were

2. Experimental Section

Guelton, M.J. Chem. Soc., Faraday Trank99§ 92, 1609. performed using STARS0on a SUN ULTRA-5 workstation employing
@1 %‘;%2‘15' A Lapina, O. B.; Bondareva, V. \@hem. Phys. Letl1999 the same approach as described in our recent studies of inorganic
(22) Balikdjian, J. P.; Davidson, A.; Launay, J.; Eckert, H.; Che,JMPhys. vanadateg3* The quadrupole and CSA parameters are related to their
Chem. B200Q 104, 8931. principal tensor elements by the following equations

(23) Gheorghe, C.; Gee, Ehem. Mater200Q 12, 682.
(24) Shubin, A. A,; Lapina, O. B.; Courcout, [atal. Today200Q 56, 379.
(25) Bondareva, V. M.; Andrushkevich, T. V.; Lapina, O.@atal. Today200Q eQVv,, Vyy = Vi

61, 173. 0= No=
(26) Burkhardt, A.; Weisweiler, W.; van den Tillaart, J. A. A.; Sfdra A.; h Vaz

Sindlinger, Lox, E. STop. Catal.2001, 16/17, 369.

(27) Kalinkin, P.; Kovalenko, O.; Lapina, O.; Khabibulin, D.; Kundo,NMol. 5o — 6

Catal. A2002 178, 173. 5. =6 —0o O Yy o
(28) Skibsted, J.; Nielsen, N. C.; Bildsge, H.; Jakobsen, Bhé&m. Phys. Lett. o 1S0 zz Mo o

1992 188 405. o
(29) Skibsted, J.; Nielsen, N. C.; Bildsge, H.; Jakobsen, H. Am. Chem.

S0c.1993 115 7351. wherediso = Y3(0x + dyy + d2). The principal elements of the CSA
(30) %‘é%Sted' J.; Jacobsen, C. J. H.; Jakobsen, Haig. Chem.1998 37, (0) and electric field-gradient\{) tensors are defined using the
(31) Nielsen, U. G.; Jakobsen, H. J.; Skibstedndrg. Chem200Q 39, 2135. convention
(32) Nielsen, U. G.; Jakobsen, H. J.; Skibsted].Phys. Chem. B001, 105,

420. . 1 1 1
(33) _Iﬁl:g:;ssré,o%i(;z.i\]glgﬁ?en, H. J.; Skibsted, J.; Norby, Ehem. Soc., Dalton MZZ— éTr(/1)| > |/‘LXX — éTr(,1)| > |/‘Lyy — :—gTr(,1)| 2)

(34) Nielsen, U. G.; Boisen, A.; Brorson, M.; Jacobsen, C. J. H.; Jakobsen, H.

(35) Jl\];ie?sl,(é%?tsq'GJ.l;ngrk?bs?gde,nﬁ%gifbls'eﬁrfsl-zbﬂem. Phys. Let002 356, wherez; = di, Vi. The Euler angles/,y.£), describing the orientation
73

(36) Labina, O. B.; Shubin, A. A.; Khabibulin, D. F.; Terskikh, V. V.; Bodart, (37) Jakobsen, H. J.; Daugaard, P.; Hald, E.; Rice, D.; Kupce, E.; Ellis, P. D.
P. R.; Amoureux, J.-PCatal. Today2003 78, 91. J. Magn. Reson2002 156, 152.
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Figure 1.

51V MAS NMR spectra of the central and satellite transitions for model catdlystorded at (a) 14.1 (= 13.0 kHz, 176 000 scans) and (c)

9.4 T (r = 15.0 kHz, 663 000 scans). The corresponding simulated spectra using the parameters for the V1 species in Table 1 are shown in (b) at 14.1 T
and (d) at 9.4 T. The numbers 1 and 2 indicate the isotropic peak for the V1 and the V2 species, respectively.

of the CSA tensor relative to the quadrupole coupling tensor, correspondthe envelope of ssb intensities for the satellite transitions. Both

to positive rotations about,, (1), the newdyy (y), and the finab,, (§)
axis. These angles are defined in the ranges® < z and 0< y,&
< ml22°

3. Results and Discussion

Vanadia—Titania Model Catalysts. Two model catalysts,
labeledl and 2, with loadings corresponding to 2 and 6 wt %
V.05 on anatase, respectively, were studied in detail prior to
an investigation of the industrial-type DeN®@atalysts. The
vanadium loading fod is below the level required to form a
monolayer of \lOs on the surface. ComplefdV MAS NMR
spectra ofl employing a spectral width of 4 MHz, spinning

51V MAS NMR spectra in Figure 1a and c are dominated by a
manifold of fairly broad ssbs from a vanadium site (V1) with
a center of gravity for the isotropic peak@ats —630 ppm, as
determined fron??V MAS NMR spectra obtained at different
spinning frequencies, and shown in the insets of Figure 1a and
c. Furthermore, a small quantity (less than1®%) of a second
vanadium species (V2) withhis, ~ —543 ppm and a more
narrow line width is also observed, as illustrated by the insets
in the 5V MAS NMR spectra of Figure 1 and most clearly
resolved in Figure 1c. Considering the predominant V1 species,
the intensity of the central transition is distributed over numerous

frequencies of 13 and 15 kHz, and recorded at 14.1 and 9.4 TSSbS which indicates the presence of a significant CSA.

are shown in Figure 1la and c, respectively. These MAS

Moreover, the ssbs from the satellite transitions are clearly

NMR spectra comprise the largest number of spinning sidebandsePserved across a spectral region of at least 1.2 MHz (Figure
(ssbs) reported so far for similar catalyst systems because theyl), Which is characteristic for a vanadium site influenced by a

include all satellite transitions for this spin= 7/, quadrupolar
nucleus. This contrasts the many earlier solid-sté#eNMR

strong quadrupole interactio@§ ~ 5—8 MHz). The difference
in isotropic chemical shift for the V1 and V2 species is about

studies of model vanadia/titania catalysts, which are all restricted 13.7 kHz at 14.1 T, that is, similar to the spinning frequencies

to the observation of the central/{ < —1/,) transition and
therefore generally only useful for determination of thé CSA

parameters. Thus, the spectra presented in this study not onlyl4.1 T spectra (e.g.,

allow determination of thé'v CSA parameters but also of quite

employed in this study. Thus, the ssbs from the V2 site become
superimposed on the ssbs from the predominant V1 site in the
inset Figure la). THY MAS NMR
spectra for the model catalysthave been visually compared

precise values for the quadrupole coupling parameters, utilizing to the numerous spectra of inorganic vanadates acquired and

4928 J. AM. CHEM. SOC. = VOL. 126, NO. 15, 2004
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Table 1. 5V Quadrupole Coupling (Cq,770),2 Chemical Shift Parameters (d,774,0is0),? and Relative Orientation (y,y,£)¢ of the 5V Tensors
Determined for Vanadium Species on Titania and Related Model Compounds

site Co (MHz) 7o 0, (ppm) o Y (deg) x (deg) & (deg) Jiso (PpM) ref
v1d 7.14+0.3 0.24+ 0.05 603+ 20 0.00+ 0.15 —e 13425 8+ 66 —630+ 15 this work
SBV (1f 14.700 0.59 650 0.02 42 62 20 —611 21
SBV(2Y 15.900 0.61 569 0.48 56 56 112 —603 21
V05 0.797+0.020  0.00+ 0.05 645+ 5 0.114 0.05 58+ 5 544 3 —e —614.3+0.5 28
Mg(VO3), 7.504+ 0.10 0.34+ 0.02 310+ 3 0.30+ 0.03 0 5247 0+17  -533.9+05 31
Zn(VOs), 6.86+ 0.09 0.404 0.02 333+3 0.024 0.06 0 53+ 6 2+20  —493.8+0.03 31

2The quadrupole coupling parameters are define@@s eQ\V./h andng = (Vyy — Vxd/Vzz ® The chemical shift parameterd,(andz,) are defined by
the principal elements of the chemical shift tensodas= diso — dzzandns = (Oxx — Oyy)/ds, Wherediso = (Oxx + Oyy + 02/3 and|dzz — disol = [Oxx — Oisol
> |dyy — disol- ¢ The Euler angles are defined using the convention in refl Parameters determined for the prevalent V1 species in model cat&lyte
Euler anglesy and& are not defined for, = 0 andnq = 028 T Parameters reported for strongly bound vanadium (SBV) by the Novosibirsk group.

analyzed in our laborator?, 3* which constitute a library of coordination). Employing the empirical relationship
solid-state®V MAS NMR spectra and parameters for model

compounds. This comparison reveals similarities between the In|d,,| (ppm)= 17.10— 6.22x r,_, (A), R*=0.96 (3)
spectrum for the V1 site and those of the brannerite-type

metavanadates, as for example, Mg@43* which contains derived using®V chemical shift parameters and=0 bond
vanadium atoms coordinated to six oxygens in a distorted lengths for eight octahedrally coordinated vanadium sites in
octahedral arrangement. Using ¢ NMR parameters deter-  inorganic vanadatésand the valugd,, = —1233 + 25 ppm
mined for the single vanadium site in Mg(\§2*! as starting for the V1 site determined from th&\ chemical shift
values, a series of trial-and-error simulations of the experimental parameters in Table D = o,y = —329 ppm,d,, = —1233

9.4 and 14.1 TV MAS NMR spectra have been performed. ppm), it is possible to estimate a distance of 1460.01 A for
These simulations aimed at matching the characteristic featureghe short =0 bond length of the V1 species. Figure 2 shows
as well as the overall appearances of thgse MAS NMR a drawing illustrating the relative orientation of the quadrupole
spectra and result in a single sef8f NMR parameters, which  coupling (i.e, the electric field gradient tensor) and chemical
characterizes the dominating V1 site quite well at both magnetic shift tensor for the V1 species using the data determined here
field strengths. Finally, least-squares optimizations of simulated (Table 1) for model catalyst. These two tensors have been
to integrated ssbs intensities for the V1 site and subsequent errorintroduced upon the vanadium environment with the distorted
analysis of several 9.4 T spectra, where the manifold of ssbsoctahedral coordination described above, assuming the unique
for the V1 and V2 species are fully resolved, allow determi- ¢, element being oriented along the shor=® bond. This
nation of precise values for tHéV quadrupole coupling and  orientation of thed,, element has been observed for distorted
CSA parameters for the V1 species, as seen from the datavOg octahedra in model compoungs®where crystallographic
summarized in Table 1. Because of the very small quantity symmetry implies thad,,is oriented along the short=¥O axial
detected for the V2 species, it has not been possible to determinebond. Furthermore, the observation of an axially symmetric CSA
anisotropic® NMR parameters for this species. Simulations tensor , = 0.00+ 0.15) is in agreement with this assumption
of the experimental spectra at 14.1 and 9.4 T, employing the because this implies that tlig, and d« elements are situated
optimized parameters for the V1 species listed in Table 1, are in the equatorial plane of the \@ctahedron including the four
shown in Figure 1b and d, respectively. These simulations similar V—0O bonds. At ambient conditions (room temperature
reproduce the experimental spectra at the two magnetic field and humidity), as employed in the present study, thedvsingle
strengths quite well, in particular the resolved spectrum at 9.4 bonds not attached to Ti on the anatase surface are terminated
T, and thus show that a single vanadia species (V1) is prevalentby hydrogen atoms, that is, forming\O—H groups as shown

on the titania surface. We note that the outermost satellite earlier by FTIR for sampld.4®

transitions &5, < +7/;) of low intensity are not clearly 51y MAS NMR spectra of the central transition only for
observed in the experimental spectra. As opposed to thevanadia/titania systems at ambient conditions and with loadings
excellent agreement between the resolved experimental andcorresponding to 44 wt % V,Os have earlier been reported
simulated spectrum at 9.4 T (Figure 1c and d), the minor by Eckert and Wach3 using a magnetic field strength of 7.1
deviations between the experimental and simul&ats®dMAS T. Although noCq values were determined in that study, it was
NMR spectra at 14.1 T (Figure 1a and b) are partly ascribed to shown that their samples exhibit nutation-NMR behavior and
overlap between the manifolds of ssbs from the V1 and V2 appearance for the central transition in tH¢ MAS NMR
species. In addition, at 14.1 T, the individual ssbs for the V1 spectra similar to that observed for Zn(¥)@ a metavanadate
species are rather broad with shoulders as compared to the ssbhsf the brannerite-type isostructural to Mg(¥@ Thus, these
observed at 9.4 T. This indicates small variations in isotropic authors conclude that the surface is dominated by a single
chemical shifts for the single V1 species being disorderly vanadia species which they assign to a distorted octahedrally
dispersed in nanosized domains on the anatase surface ircoordinated vanadium site characteristic for the two brannerite-
accordance with the usual understanding of dispersed domaingype metavanadates. The similar magnitude estimated for the
of metals on an active surface. The set of anisotrepidNMR Cq values in their vanadia/titania samples and Zng)s(based
parameters for the V1 sit&C{ = 7.1 MHz, g = 0.24,0, = on the similarities of the nutation spectra, is confirmed by the
603 ppm, andy, = 0.0) is characteristic for vanadium in a
distorted octahedral coordination with one shor<®) and one (38) Nielsen, U. G. Solid-StateV NMR Studies of Vanadates and Vanadia-

. X X A Based DeN@cCatalysts. Ph.D. Thesis, University of Aarhus, Denmark,
long (V—O0) axial bond (i.e., a square bipyramid-like oxygen 2002.
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In recent solid-state"v NMR studies of the central transition
only for vanadia-titania catalystdl-2527 Lapina et al. in their
most recent investigatidh conclude that two vanadium sites
prevail at low vanadia loadings corresponding t6325 wt %
V,0s5 on anatase. In the study on these two vanadia spéCcies,
only the 5V chemical shift parameters)f, d,) are reported
for each of the two sites, that i8jso = —610 ppm,d, = 650
ppm anddiso = —650 ppm,d, = 670 ppm. These data, which
are quite similar to the correspondipy parameters determined
in the present study for the prevailing V1 site in model catalyst
1, have been assigned to vanadium sites with distorted octahedral
coordination strongly bonded to the titania surface with one or
more V-0 bonds?’ More interestingly, for a strongly bonded
vanadia (SBV) site on titania, the Novosibirsk group earlier
reported two slightly different sets of unusually lar§®/
quadrupole coupling dat&q = 14.7 MHz,77¢ = 0.59 andCq
= 15.9 MHz, 579 = 0.612! These twoCq values are ap-
proximately 50% larger than the largé%¢ quadrupole coupling
constant reported so fa€§ = 10.1 MHz)*? for any vanadium
compound. However, théis, and 6, values reported for the
corresponding two vanadium data sets (SBV(1) and SBV(2),
Table 1) are fairly similar to those reported for the two sites
(cited above) in their more recent stddyand to the values
determined for the dominating single V1 site observed for model
catalystl in the present study.

The two surprisingly largeCq values reported by the
Novosibirsk group! have been retrieved from the ssbs observed
for the central transition at two different spinning frequencies
Figure 2. S(_:hematic representation of th_e distortede\lﬁtahedron for (12.2 and 14.1 kHz) combined with the appearance of the line
the V1 species on the anatase surface, illustrating the orientation of the . . .
CSA and EFG tensors. The projection of these tensors upon this unit assumeé_hape Tor the ce_ntrgl transmqn qbserved under static cqndlthns
that thed,; element is oriented along the short=® bond (see text) and (|.e., without splnnlng). The individual ssbs observed in their
employs they, y, and Euler angles determined experimentally (Table 1) 51/ MAS spectra exhibit splittings and shoulders (also partly
for the relative orientation of the two tensors. observed for the ssbs in the spectra of the present study) which

the authors ascribe to second-order quadrupolar line shapes
actualCo, 77 parameters (Table 1) determined in the present arising from strong quadrupolar couplin€{ ~ 15 MHz).
study for the prevailing V1 site from the comple®/ MAS Assuming this interpretation, their analysis of the ssbs for the
NMR spectra of all transitions for our samples (also studied at central transition in terms of first-order CSAs and second-order
ambient conditions) when compared to the recent data for Zn- quadrupolar line shapes by (i) simultaneous fitting of the two
(VO3),.31 However, the magnitudes of tH&/ CSA and diso MAS spectra and (ii) simultaneous fitting of the 12.2 kHz MAS
parameters estimated by Eckert and Waths their samples spectrum and the static spectrum results in the two sets of
by comparison to the spectra for Zn(¥@differ significantly different>V NMR parameters, SBV(1) and SBV(2), shown in
(approximate|y by a factor of 2 and 140 ppm, respectively) from Table 121 HOWeVer, we note that Signiﬁcant diSCI’epanCieS occur
the actual values determined in the present study for the V1 between the line shapes in the experimental spectra and those
site (Table 1). This discrepancy for tf#éV chemical shift ~ for the simulations using the two lard&, values (15 MHz)
parameters is most likely the result of the use of a low magnetic in Table 1 necessary to account for the splittings of the ssbs.
field (71 T) and low Spinning frequency (5 kHz) to the broad This pOintS toward an incorrect assignment for the Splittings of
51v ssbs for the vanadia/titania samples in the early study by the ssbs in the attempt to determit®’ quadrupole coupling
Eckert and Wach¥ considering the recent technological constants for these vanasdititania systems.
advancements (magnet, probe) employed in the present study. Supported by the results of the present investigation, we here
In conclusion, the paramete@, = 7.1 MHz andng = 0.24 propose an alternative interpretation for the cause of the
determined here for the prevailing V1 site in model catalyst  splittings and shoulders observed for the individual ssbs in the
along with the data for the two metavanadates in Table 1 fully spectra of the central transition used by Lapina et'db
confirm the observations for similar systems by Eckert and determine their unusually large, values. As discussed above,
Wach4g? of one dominating vanadium site having quadrupole the observation in this study of the complét® MAS NMR
interaction and a distorted octahedral geometry similar to that spectra (i.e., the central as well as the satellite transitions) of
of Zn(VOs),. The difference by about a factor of 2 between the model catalystl shows the presence of one prevailing V1 site
magnitude for théV CSA determined for the V1 site ih (0, (90—95%) as characterized by the unambiguous determination
= 603 ppm) and the metavanadates Mggcand Zn(VQ), of a single value&Cq = 7.1 MHz from the®V satellite transitions
(Table 1) we suggest arises from the formation of a @iV in Figure 1. We note that, in the spectra of Figure 1, the
bond to the titania surface. appearance of the envelope of ssbs for the satellite transitions
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Figure 3. 5V MAS NMR spectra of model catalyst at (a) 14.1 T ¢, = 13.0 kHz, 346 000 scans) and (b) 9.4 i% € 15.0 kHz, 66 000 scans). The
isotropic peak for crystalline 30s is indicated by an asterisk (*), whereas # denotes the corresponding resonance for the hydrous vanadia surface species.

is characterized by both the first-order quadrupole and chemicalof Figure 3, in particular from the 14.1 T spectrum in Figure
shift interactions. In addition, the ssb pattern for the central 3a. However, no efforts have been made to determinétthe
transition is influenced by only the first-order chemical shift NMR parameters for this species for which the overall ssb
interaction because the val@g = 7.1 MHz is simply too small appearance is similar to the spectra observed at lower loadings
to induce observable second-order line shapes in the ssbs fo(possible specie®).
the central transition at 9.4 T (considering the experimental line  Industrial-Type DeNOy Catalysts. The industrial DeNQ
width). Thus, it is tempting to propose that the splittings of the catalysts contain vanadia and tungsta on titania that is attached
ssbs in the 9.4 72V MAS NMR spectra of the central transition,  to a mechanical support, for example, in the form of glass-fiber
assigned to second-order quadrupolar line shapes by Lapina etnatting as employed in this study. To investigate the influence
al.?* actually arise from small differences in isotropity of the vanadium loading on the appearance of ¥he MAS
chemical shiftsdso) for the same distorted octahedral vanadium NMR spectra, six vanadiatitania catalyst samples, which
structure but exhibiting a much small€g value. These small  contain vanadia corresponding to 1, 3, and 6 wt %@)with
differences in isotropic chemical shifts are induced by the and without 7 wt % W@, have been studied at ambient
distorted vanadium octahedron being influenced by slight conditions. We point out that because of the addition of ZWO
variations in their environments within the different nanosized and the glass-fiber support most of tH¢ MAS NMR spectra
vanadia domains on the anatase surface. Obviously, we cannofor these samples (Figure 4) exhibit a reduction in signal-to-
exclude a quite different vanadium surface structure exhibiting noise (S/N) performance and al3@#l ssb background signals
the largeCq values for the catalyst sample reported by the in the low-frequency region of the spectra. Thé%d ssbs are
Novosibirsk groug! Yet, this seems unlikely based on the attributed to part of thé’Al satellite transitions from aluminum
similar values for theifPV chemical shift parameters and those oxide in residuals of the glass-fiber mat.
determined in the present study for model catalysiowever, The 5V MAS NMR spectra of the central and satellite
the observation of the complefdv MAS NMR spectrum transitions for the samples which contain vanadia corresponding
(central and satellite transitions) for their samples, as demon-to 1 and 3 wt % \{Os (Figure 4a and b), a typical range for
strated in the present work, would answer the question on thethese industrial catalysts, exhibit an appearance quite similar
magnitude ofCo. to that observed for model catalykt Thus, based on a visual
The model catalys? has a vanadium loading corresponding comparison of the spectra in Figure 1 and in Figure 4a and b,
to 6 wt % V,Os on anatase which exceeds the level required to along with simulations using thdV NMR parameters for the
form a monolayer of YOs on the surface. Because of the V1 species (Table 1) and simultaneously taking P& ssb
increased vanadium loading, th MAS NMR spectra at 14.1 background signals into account, it is easily seen that the
and 9.4 T (Figure 3) are dominated by an additional species, catalytic surface is dominated by nanosized species with a
easily identified as polycrystalline X0s from its well-known structure identical to V1 for model catalydt Domains of
and characteristic manifold of ssBsThis is confirmed by crystalline \bOs dominate the catalyst sample with a vanadia
simulations (not shown) using tH8V NMR parameters for loading corresponding to 6 wt % @5 as observed for the
V,0s (Table 1) previously determined in our laboraté¥yhus, spectrum in Figure 4c, similar to the spectra in Figure 3 for
the increased vanadium loading, exceeding that required formodel catalys®. The effect on the catalyst samples of addition
monolayer coverage, causes formation of domains of crystalline of 7 wt % WG;, an important additive for the industrial catalysts,
V,0s on the titania surface, in accordance with earfiy is illustrated in Figure 4df for samples with a vanadium
NMR,111227 FTIR, and Raman spectroscopic stullie®on loading corresponding to 1, 3, and 6 wt %Q¥%, respectively.
vanadia-titania systems with such loadings. In addition to the The®V MAS NMR spectrum of the catalyst corresponding to
crystalline \bOs, a surface-bonded vanadium species is also 3 wt % V,0s and 7 wt % WQ (Figure 4e) has an appearance
clearly visible for model catalytin the>V MAS NMR spectra similar to the spectrum in Figure 4b and typical for the V1
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Figure 4. 5% MAS NMR spectra of six different vanadigitania catalysts. All samples are removed from their mechanical supports (glass-fiber mats)
which have vanadia loadings corresponding to (a) 1 wt 95, = 12.0 kHz, 300 000 scans), (b) 3 wt %®s (v, = 14.0 kHz, 333 000 scans), (c) 6 wt

% V205 (v = 12.0 kHz, 67 000 scans), and, finally, loadings corresponding to 7 wt % &@ (d) 1 wt % \bOs (v, = 13.0 kHz, 313 000 scans), (e) 3 wt

% V,0s (vi = 14.0 kHz, 311 000 scans), and (f) 6 wt %0 (v, = 13.0 kHz, 153 000 scans). All spectra are shown on the same spectral width. The kHz
scales are relative to the isotropic peak feOy, and the ppm scales are referenced relative to neat ¥&@inning sidebands froAfAl in aluminum oxide

from the residual glass-fiber contaminations are observed in the low-frequency par8Q0 kHz) for most of the spectra.

species in model catalydt The interpretation of the spectrum vanadate¥—3+3¢show that the magnitude of t8&/ CSA (9,)

for the catalyst which has a vanadia loading corresponding to is related to the number of oxygen atoms in the first coordination
1wt % V.05 and 7 wt % WQ (Figure 4d) is, however, less  sphere for vanadium, that i§, < 300 ppm for VQ units while
straightforward because of the reduced S/N level. Nevertheless, 0, > 300 ppm for penta- and octahedrally coordinated vana-
the appearance of the manifold®Y¥ ssbs from the dominating  dium38 Thus, the reduce8V CSA for the prevalent surface
species is different from that in the spectra for the V1 species species on the catalyst with a vanadia loading corresponding to
(Figures 1a and 3a). For example, the number of ssbs from thel wt % V,Os and 7 wt % WQ could suggest a change in
central transition is reduced (cf., e.g., Figure 4a and d), which vanadium coordination state to tetrahedral coordination for this
indicates a decrease MV CSA for the dominating vanadia  species.

species in the spectrum of Figure 4d as compare, for the The 5V MAS NMR spectra of the sample with a vanadia
V1 species. Recentlv MAS NMR studies of inorganic loading corresponding to 6 wt %,@s and 7 wt % WQ (Figure
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4f) bear some resemblance to that observed for model catalysteters. This contrasts the many earlier solid-stdi& NMR

2 (Figure 3a) which contains crystalline,®s (vide supra). studies which have mainly focused on extraction of the isotropic
However, the total width of the spectrum and especially the and anisotropic chemical shift parameters from spectra of the
individual line width of the ssbs are larger as compared to the central transition only. Using the approach of the present study,
spectrum of crystalline ¥Os for 2 and also as compared to the it is shown that vanadiatitania model catalysts and industrial
spectrum in Figure 4c for the corresponding vanadia loading vanadia-based DeN@atalysts are more efficiently character-
but without WQ. Moreover, the experimental spectrum cannot ized by 5V quadrupole couplings as well a%V CSA

be convincingly reproduced by simulations usingthé NMR parameters. Structural information on the vanadia surface species
parameters for ¥Os only. This suggests that two or more is obtained using the correlations betwé&h NMR parameters
species, most likely including a phase ofQ%, are present on  and crystal structures established in previous studies of vanadium
the titania surface for this catalyst (6 wt %05 and 7 wt % model compounds. The results show that, at ambient conditions,
WO3). A detailed analysis and deconvolution of tHy MAS the most commonly encountered vanadia species for loadings
NMR spectra for this sample has not been possible because oftorresponding to<3 wt % V,0s on titania has®v NMR

the large increase in line width for th&v ssbs. In conclusion,  parameters characteristic for vanadium in a distorted octahedral
it appears that for the high vanadia loadings, that is, corre- oxygen environment with one short£0) and one long O
sponding tox5 wt % V,0s, the presence of tungsta (WO axial bond. The presence of 7 wt % Wr the industrial
prevents the formation of domains of well-defined, crystalline catalysts is seen to have negligible influence on the structure
V,0s. This may reflect the fact that vanadium is partly of the vanadia surface species fa 3 wt % \,Os loading.
incorporated in the We@crystallites as suggested in a recent However, its presence for loadings of both 1 and 6 wt @3/
solid-state®vV (MAS and static) NMR study of the binary  appears to substantially influence or change the local structure
V,05—WO3 system from analysis of samples with low®% of the surface vanadia nanopatrticles as compared to the structure
contents (16-20 mol %)3° in the absence of W9Finally, structural changes of the vanadia
species on the titania surface are sensitively reflected by the
present concept 6V MAS NMR spectroscopy.
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