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ABSTRACT

Solid state 'V wideline NMR studies show that under ambient conditions the vanadium (V)
oxide surface phases on Ti0O,(anatase) and TiO,(rutile) supports predominantly possess dis-
torted-octahedral coordination. However, the coordination environment of vanadia is markedly
influenced by the presence of impurities in the support materials. Surface contaminants promote
the formation of tetrahedral surface vanadia species, which preferentially form at low surface
coverages. The presence of these surface impurities depends on the titania preparation method
and overshadows the influence, if any, of the bulk TiO, lattice structure (anatase versus rutile).
Thus, the strong influence of surface impurities on the V,0;/Ti0, system is most likely respon-
sible for the widely varying claims about differences in the catalytic properties of V,0;/
TiO,(anatase) versus V,05/TiO,(rutile) samples.

INTRODUCTION

V,05 supported on TiQ, is known to be an important oxidation catalyst [1-
11], specifically for the partial oxidation of o-xylene to phthalic anhydride.
Catalytic studies have suggested that V,0;/TiO, (anatase) is a superior cata-
lyst than V,0;/TiO, (rutile) for this oxidation [12]. Early studies attributed
the higher activity of the V,0;/TiO, (anatase) to the ease of oxygen evolution
under inert environments [2,13]. Vejux and Courtine [13] ascribe the higher
activity of the V,0;/TiO, (anatase) catalyst to the crystallographic fit between
pure V,0; (010 plane) and pure TiO,(anatase) (010 or 001 plane). Likewise,
the lower activity of V,0;/TiO, (rutile) was attributed to the misfit of the lat-
tice parameters of the two corresponding bulk phases. Since then, these con-
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clusions have been strongly disputed with the discovery of a two-dimensional
vanadium oxide overlayer phase dispersed on TiO, [1,4,5,8-10]. This over-
layer is neither in epitactical registry with the support, nor does it have a struc-
ture corresponding to that of bulk V,0; [14].

Wachs et al. employed Raman spectroscopy to examine the nature of the
supported vanadium oxide species on TiO,(anatase) and TiO,(rutile) [15].
The surface vanadium oxide Raman bands on TiO,(anatase) were much
broader than on TiO, (rutile), corresponding to a wider distribution of surface
vanadium oxide species environments. Gasior et al. concluded from compara-
tive studies with V,0; supported on TiQ, (anatase and rutile) that the surface
vanadium species is not stable on TiO,(rutile) and consequently exhibits in-
ferior catalytic properties [16,17]. The lower surface energy of the TiO,(rutile)
support was considered to be responsible for this difference [18]. In contrast,
Inomata et al. did not find any difference between a series of V,05/
TiO, (anatase) and V,05/Ti0,(rutile) catalysts using the NO-NH, oxidation
reaction [19]. Cavani et al. presented data on V,0;/TiO, (anatase) and V,05/
TiO,(rutile) for the ammonoxidation of toluene and oxidation of o-xylene [20].
Based on their data, they conclude that the structure of TiO,, anatase or rutile,
does not change the activity of the catalyst. Van Hengstum et al. studied the
effect of Ti0O,(anatase and rutile) interactions with V,05 primarily through
the gas phase oxidation of toluene and methanol oxidation [3,21]. These au-
thors conclude that differences between V,0;/TiO,(anatase) and V,0;/
TiO, (rutile) are largely due to differences in crystal structure rather than sur-
face accumulations of silica and alumina contaminations.

One of the major complications arising from the comparative analysis of the
V.0;/TiO,(anatase) and the V,05/TiO, (rutile) catalyst systems is the origin
and the nature of the titania supports. The titania supports used in most of
these studies were primarily obtained from pigment manufacturers. TiO, sup-
ports are usually synthesized from TiCl,, titanium alkoxides, or Ti(SO,),
starting materials. Due to intentional introduction, or as a result of manufac-
turing procedures, a variety of additives/impurities such as K, P, Cl, Al S, or
Si are known to exist on the titania surface [3,6,16]. Thus, in order to gain a
fundamental understanding of the V,05/TiO, interactions, it is critical that
controlled studies be performed with titania surfaces whose surface composi-
tions are well-known.

The present study focuses on the influence of the various titania preparation
methods on the resultant TiO,-V,0; interaction. This issue is addressed by
51V solid state NMR. Although solid state NMR methods represent a novel
and very promising approach to these systems, previous applications to vana-
dia-based systems have remained scarce [22-28]. In a detailed study, we have
recently developed the methodology for the application of >’V NMR to amor-
phous vanadium (V) oxide overlayers [29,30]. It has been shown that this
characterization technique is capable of sensitively differentiating various va-
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nadium bonding configurations present in such overlayers. The distribution of
such vanadia environments and its dependence on the preparation methods
and the properties of the titania support are the subject of the present research.
To this end, the results will be correlated with detailed information about sur-
face impurities as determined by XPS surface analysis.

EXPERIMENTAL
Sample preparation

TiO,(anatase) samples were prepared by hydrolysis of titanium isopropox-
ide (calcination temperature 350°C) and by high-temperature flame pyrolysis
of TiCl, [31,32]. In addition, commercial TiO,(anatase) catalysts were ob-
tained from Mobay Corporation (starting material unknown) and Sakai
Chemical Industry (starting material: titanium sulfate ), and used without any
further treatment. TiO, (rutile) samples were prepared by hydrolysis [30] or
by high-temperature flame pyrolysis of TiCl, [31,32], by thermal conversion
from commercial TiO, (Degussa P-25) at 875°C for 2 h, and by thermal con-
version from the TiO,(anatase) made from titanium isopropoxide (650°C,
2h).

TABLE 1

Origin, surface area (4) (m%g™!), wt% V,0;, surface coverage 6, and surface contaminations (in
at.%) of the samples under study

Origin A Wt% 6 Surface impurity concentration (at.%)
TiOy(anatase)

Ti-isopropoxide 80 1.0 0.08 Al(0.61), Si(0.73), K(0.08)
Ti-isopropoxide 80 2.5 0.20 not determined
Ti-isopropoxide 80 4.0 0.32 not determined

TiCl, pyrolysis 13 1.7 0.77 F(0.41), Si(1.1)

Mobay 10 0.7 041 P(3.0), C1(0.22), K(0.85)
Mobay 10 1.9 1.12 not determined

Sakai-1 97 5.0 0.32 S(1.7), K(0.03), Fe(0.18)
Sakai-2 121 5.0 0.26 F(2.2),8(0.65)
TiOx(rutile)

TiCl, hydrolysis 25 1.0 0.27 no impurities detected
TiCl, hydrolysis 25 2.5 0.68 not determined

TiCl, hydrolysis 25 4.0 1.08 not determined

TiCl, pyrolysis 10 1.7 1.00 Si(1.3), S(0.38)
TiO,(875°C)* 10 1.7 1.00 Si(1.0)

Ti-isopropoxide® 13 1.0 0.45 Na(0.17), Si(1.5), Fe(0.56)

*Converted from Ti0, (Degussa P-25) at 875°C for 2 h.
*Converted from Ti0, (anatase) made from Ti-isopropoxide at 650°C for 2 h.
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The supported vanadium oxide on TiQ, catalysts were prepared by the
incipient wetness impregnation method with VO(OC,H;); in ethanol or
VO(0-i-C3H-); in methanol. The impregnated samples were dried at room
temperature for 16 h, dried at 110-120°C for 16 h, and subsequently calcined
at 350-450°C to form the supported vanadium oxide on TiO, catalysts. Table
1 summarizes the origins, surface areas (prior to vanadia deposition), vanadia
contents, and vanadia surface coverages, determined from Raman spectros-
copy. Also included are relative surface concentrations of various impurities,
as determined from XPS surface analysis.

XPS surface analysis

Specimens for XPS analysis were prepared by pressing the catalyst powders
between stainless steel holders in a polished single crystal silicon wafer. XPS
measurements were performed at 5-10~° Torr on a Model DS800 XPS surface
analysis system, manufactured by KRATOS Analytical Plc, Manchester,
United Kingdom. A hemispherical electron energy analyzer was used for elec-
tron detection. General survey spectra were collected for each of the catalyst
powder specimens. Mg-K,, X-rays at a power of 360 W were employed in this
study. Data were collected in 0.75 eV segments for a total of 1 h using a pass
energy of 80 eV for each of the specimens. The electron spectrometer was op-
erated in the fixed analyzer transmission (FAT) mode. Elements detected in
each spectrum were identified and concentration estimates were made using
typical normalization procedures.

Nuclear magnetic resonance studies

Room-temperature wideline solid state NMR studies were carried out using
a General Electric GN-300 spectrometer, equipped with an Explorer high-speed
digitizer and a 7 mm multinuclear MASS-NMR probe (zirconia stator) from
DOTY Scientific. Systematic probing of the pulse excitation behavior revealed
that the effective 90° pulse length in the catalyst samples is shortened from 7-
8 us in liquid VOCl; to 2.4-3.3 us, as a result of a strong nuclear electric quad-
rupole splitting. Spectra were obtained both by the single pulse method and a
special quadrupolar echo sequence, previously reported to record undistorted
central transitions of half-integer quadrupolar nuclei [33]. The question
whether correct relative NMR signal intensities can be obtained from species
whose 'V nutation frequencies differ within the same sample, was addressed
by systematic pulse length dependent studies (at a non-selective nutational
frequency of 35.7 kHz). A specifically designed model mixture was used, con-
sisting of ZnV,0g (distorted octahedral coordination, effective 90° pulse length
2.5 us) and T1;VO, (symmetric tetrahedral coordination, effective 90° pulse
length 5.8 us) in a 1:1 weight ratio.
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Fig. 1. Pulse length dependence of the *'V NMR spectrum of a model mixture of ZnV,0, and
TI;VO, in a 1:1 weight ratio. The respective pulse length used (in us) is indicated at the level of
the most downfield relative maximum of the corresponding lineshape. (a) Single-pulse experi-
ment; (b) solid echo sequence 0-7-26 (7==30 us). The sharp line at —480 ppm and the sidebands
at 70 and — 1030 ppm belong to T1;VO,; all other features belong to ZnV,0,,.
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As shown in Fig. 1, the intensity ratios are pulse-length dependent in both
methods. While at pulse lengths of 1 us and below essentially identical results
are obtained, the single-pulse method underestimates the component with the
higher nutational frequency (i.e. with the stronger quadrupolar interaction)
at longer pulse lengths. The opposite appears to be true for the echo method.
Here, the relative signal area due to this component increases with increasing
pulse length, until reaching a maximum at its effective 90° pulse length. At
even longer pulse lengths, the contribution of this signal component dimin-
ishes again (data not shown ). Based on these studies, the single-pulse method
with pulse lengths of 1 us or less appears preferable for relative signal quanti-
tation studies of vanadium species with different nutational frequencies. Fur-
thermore, the overall refocusing by the echo method appears to be incomplete,
resulting in significantly lower signal-to-noise ratios. Hence the spectra re-
ported below are obtained from simple Bloch decays, using a 1 us pulse length
and a 1 s relaxation delay. Chemical shifts are referenced with respect to liquid
VOCls,.

RESULTS AND DISCUSSION
XPS surface analysis

The surface compositions of the different V,05/TiO, samples were analyzed
by X-ray photoelectron spectroscopy. The detectable atomic surface concen-
trations of foreign elements (in at.%) are included in Table 1. Detection limits
are: 0.01 at.% F, 0.01 at.% Na, 0.20 at.% Al, 0.20 at.% Si, 0.10 at.% P, 0.05 at.%
S, 0.05 at.% Cl, 0.02 at.% K, and 0.10 at.% Fe. The XPS technique analyzes
the outer 2-5 nm layer and does not provide information about the composition
within internal titania pores. Nevertheless, since surface impurities are ex-
pected to be distributed over all the surfaces, internal and external, the XPS
analysis should be representative of the surface compositions of the various
samples. The TiO, samples from Sakai were found to contain large surface
concentrations of sulfate. This is expected since these materials are prepared
from Ti(SO,),. On the other hand, the TiO, samples prepared from TiCl, were
not found to possess any surface chloride, with the exception of commercially
obtained Degussa P-25 (as received). Silica was found to be a common surface
impurity, with the exception of the samples prepared by low temperature hy-
drolysis of TiCl,. The high-temperature calcination appears to surface-segre-
gate silica onto the titania surface. The TiO, samples synthesized from tita-
nium isopropoxide contain surface alumina, silica, and traces of potassium
oxide in the anatase modification, and surface silica, sodium and iron oxide in
the rutile modification. The commercial TiO,(anatase) from Mobay was found
to contain significant surface concentrations of phosphorus oxide, potassium
oxide, and chloride. Several samples also contain fluoride impurities. Thus,
the different titania starting materials and preparation methods result in dif-
ferent concentrations of surface impurities. The XPS surface concentrations
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of vanadia agree qualitatively with the vanadia surface concentrations deter-
mined independently from Raman spectroscopy as previously discussed.

NMR investigations

Figures 2-5 summarize the spectral data indicating a surprisingly large var-
1iability of the NMR lineshapes depending on the source of the TiO, support.
In the following, a separate discussion of the various spectral features observed
will be given for the anatase and rutile samples, in connection with the prep-
arative details.

Vanadium(V) oxide on TiOj(anatase)

Unfortunately, none of the TiO,(anatase) preparations used resulted in a
completely clean surface. In the following, our discussion will therefore center
on the comparison of home-made samples (all of which contain substantial
surface impurities of silica and other impurities) with commercial materials
(whose surfaces are silica-free, but contain various other contaminants such
as sulfate, phosphate, and potassium oxide). Figure 2 shows the *V NMR
spectra of vanadium (V) surface oxide species supported on home-made ana-
tase samples prepared from titanium isopropoxide. The spectra show a near-

L s e e B B A e
200 0 -200 —400 -600 -800 —~1000 -1200 ppm

Fig. 2. 79.0 MHz ®'V wideline NMR spectra of surface vanadium(V) oxide on TiO,(anatase)

prepared from hydrolysis of titanium isopropoxide. The numerals indicate the overall concentra-

tion and the surface coverage of V,0;.
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to-axial chemical shift powder pattern centered around — 500 ppm, the nearly
degenerate perpendicular components of the shift tensor being located near
—300 ppm, and the parallel component between —800 and —900 ppm. These
chemical shifts have to be regarded as average values of a distribution due to
the disordered state of vanadium on the surface. Extensive >V NMR studies
of model compounds have shown that such spectral parameters are unique and
characteristic of a vanadium (V') species in a distorted octahedral coordination
environment [29,30]. Furthermore, the solid state NMR data confirm that
this environment is quite different from that in crystalline V,0;, whose chem-
ical shift component along the unique axis is as high as — 1250 ppm. Figure 2
thus reveals that the vanadium (V) oxide coordination in these anatase sam-
ples is almost exclusively octahedral. In addition, a broad weak resonance con-
tribution to the spectral intensity near —500 to —600 ppm is evident in the
isopropoxide-derived sample with the lowest surface coverage, and also in the
sample prepared from TiCl, flame pyrolysis (see Fig. 3e). Based on previous
model compound studies, this resonance can be attributed to a minor contri-
bution of a tetrahedral, most likely polymeric vanadate chain, species.

Figure 3 shows NMR data obtained on vanadium (V) oxide surface species
deposited on various commercial Ti0O,(anatase) samples. These spectra give
clear evidence of a third type of site, whose exact chemical shift tensor com-
ponents cannot be determined due to extensive peak overlap. However, its
powder pattern has a peak maximum at — 660 ppm, reminiscent of the tetra-
hedral surface vanadium (V) oxide species observed in surface-dehydrated an-
atase and alumina samples [30]. This site appears especially predominant in
TiO,(anatase) from Mobay Corporation, whose surface is heavily contami-
nated with potassium oxide and phosphate impurities. Traces a and b compare
two different loadings, suggesting that the tetrahedral site is preferentially
occupied at low surface coverage.

Similar impurity effects are also responsible for the very complex >’V NMR
spectrum of surface vanadium (V) oxide on TiO, (anatase) from Sakai Chem-
ical Industry Co. This high-surface area material is prepared from titanium
sulfate, and, according to the XPS analysis, has substantial amounts of resid-
ual sulfate on the surface. The NMR spectra show that such contaminants
play a distinct role in determining the vanadium (V) oxide species distribution
at the surface.

In summary, the vanadia coordination on the TiO,(anatase) surface is pre-
dominantly distorted-octahedral in all of the samples studied. Commercial an-
atase catalysts show a substantially larger fraction of the tetrahedral surface
vanadia, compared to the home-made materials. Therefore, we conclude that
surface impurities such as sulfate and potassium oxide/phosphorus oxide sta-
bilize tetrahedral coordinated vanadia on the surface. We are, however, at pres-
ent unable to decide, which specific contaminant has the greatest influence.
The suspicion that silica might suppress the formation of some four-coordi-
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Fig. 3. 79.0 MHz 'V wideline NMR spectra of surface vanadium (V) oxide on TiO; (anatase) with
different sample histories. The numerals indicate the overall concentration and the surface cov-
erage of V,05: (a) commercial TiO, (anatase), Mobay Corporation, 1.9 wt% V,0;; (b) commercial
Ti0, (anatase ), Mobay Corporation, 0.7 wt% V,05; (c) commercial TiO, (anatase), Sakai, 5 wt%
V,05-sample 1 (previously analyzed to contain 2.59 wt% Ba in bulk sample); (d) commercial
Ti0, (anatase), Sakai, 5 wt% V,05-sample 2 (previously analyzed to contain 0.15 wt% Ba in bulk
sample); (e) TiO,(anatase) prepared via pyrolysis of TiCl,.

nated vanadia species has certain merits in view of the results obtained on the
TiO, (rutile) samples as discussed below.

Vanadium('V) oxide on TiOJ(rutile)
Figure 4 shows 5V NMR spectra of vanadium (V) oxide supported on the
surface of a pure TiO,(rutile) sample prepared by low-temperature TiCl, hy-
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Fig. 4. 79.0 MHz 5!V wideline NMR spectra of surface-vanadium (V) oxide on TiO,(rutile) pre-
pared by hydrolysis of TiCl,. The numerals indicate the overall concentration and the surface
coverages of V,0;.

drolysis. The spectra show clearly that the octahedral species, already identi-
fied in the anatase samples, is the dominant spectroscopic feature here as well.
Most significantly, however, substantial signal intensity is observed for a new,
sharp signal located near —500 ppm, especially at low surface coverages. The
location of this peak and its sharpness suggest a small chemical shift anisot-
ropy, which is consistent with an assignment to a very symmetric, presumably
isolated-tetrahedral species. The relative signal area (obtained via peak de-
convolution and integration [30]) of the combined tetrahedral species de-
creases with increasing V (V) concentration from ca. 35% at the lowest surface
coverage to ca. 20% at monolayer coverage, hence indicating its preferential
formation at low coverages.

Figure 5 shows ®'V NMR spectra of a variety of other home-made rutile
samples that were prepared at high temperatures. Sample (a) was prepared by
flame pyrolysis of TiCl,, sample (b) was thermally converted from commercial
Degussa P-25 titania, and sample (c) was thermally converted from
TiO, (anatase), which had been previously prepared via hydrolysis of titanium
isopropoxide. The surfaces of all of these samples contain significant amounts
of silica contaminants, as revealed by XPS surface analysis, and the NMR
spectra show that the octahedral species is the dominant spectroscopic feature
here as well. However, the comparison between Figs 4 and 5 clearly illustrates
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Fig. 5. 79.0 MHz %'V wideline NMR spectra of surface vanadium (V) oxide on TiO, (rutile) pre-
pared under different conditions. The numerals indicate the overall concentration and the surface
coverage of V,04: (a) pyrolysis of TiCl; (b) conversion from commercial TiO, (Degussa); (c¢)
conversion from Ti0, (anatase), prepared via hydrolysis of titanium isopropoxide.

that the tetrahedral species is much less abundant in samples that have silica
surface contaminations and that were prepared at high temperatures. Appre-
ciable amounts of tetrahedral species with a chemical shift near — 500 ppm are
still retained in the sample prepared from TiCl, flame pyrolysis. Further stud-
ies are underway to decide whether these differences arise from surface con-
tamination effects or the differences in preparation temperatures. Low prep-
aration temperatures are expected to increase the concentration of surface
defects which might promote formation of this tetrahedral species.

In summary, the coordination of surface vanadia on TiO, (rutile) prepared
via different routes is predominantly distorted-octahedral. Preferentially at
low surface coverages, the spectra evidence the formation of a highly symmet-
ric tetrahedral species as well. Since we have observed this site thus far only
in TiO,(rutile) samples (contaminated or uncontaminated) but never in
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TiO, (anatase) samples we are tempted to conclude that it may be intrinsically
characteristic for rutile surfaces.

CONCLUSIONS

The results of the present study reveal the suitability of wideline 'V NMR
in providing the species distribution present in two-dimensional surface va-
nadium (V) oxide overlayers on metal oxide supports. In the investigation of
titania-based systems with low surface areas, the inherently element-selective
and quantitative mode of study provides NMR with a distinct advantage over
Raman spectroscopy, which is somewhat hampered by the strong background
scattering of the support lattice. Under ambient conditions, the coordination
of surface vanadium (V) oxide is predominantly distorted-octahedral, both on
TiO, (rutile) and TiO,(anatase), regardless of their sources and preparation
conditions. The preliminary results presented here suggest, however, that the
bonding state of vanadia on titania-based surfaces also depends on the mode
of preparation, and the presence of silica, phosphate, potassium, or sulfate
impurities. Specifically, high silica surface contaminations appear to correlate
with a predominantly octahedral V(V) environment, whereas sulfate, potas-
sium and/or phosphate impurities can be associated with a tetrahedral vana-
dium species, whose >’V NMR peak maximum appears around — 660 ppm. The
presence of these surface impurities overshadows the influence, if any, of the
bulk TiO, lattice structure (anatase versus rutile) on the chemical environ-
ment of the surface vanadium (V) species. This finding most probably ac-
counts for the widely differing claims about the catalytic properties of V,05/
TiO,(anatase) versus V,0;/TiO, (rutile) catalysts.

Surface contaminants are often added intentionally to improve catalyst per-
formance [34]. The results of this preliminary study suggest that the role of
such modifiers lies in changing the nature of the supported vanadium (V) oxide
surface species. Our results show that 5'V solid state NMR proves to be a highly
sensitive probe for such effects. We note that all of our NMR studies have been
conducted on samples under ambient atmospheric conditions, where the sur-
faces are hydrated. The effect of surface contaminants is most favorably stud-
ied under such conditions, since surface dehydration greatly diminishes the
fraction of distorted-octahedral vanadia surface species [30], leading to more
overlap, and hence lower resolution, in the spectral region of interest. Further
detailed studies, addressing the quantitative relationship between the vanadia
species distribution, surface coverages and the concentration of the surface
contaminants (as determined by XPS) are currently in progress.
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