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ABSTRACT: Supported vanadium oxide catalysts are important industrial V,0,
materials for a wide array of chemical transformations. The condition of VO(OH)
surface hydration is of particular interest as a reflection of the state of freshly O 3aa)
manufactured catalysts prior to their activation in catalytic reactors or under
the conditions of photocatalysis where surface vanadia are exposed to
moisture. Under such conditions, the surface vanadia species undergo Mmonomer oligomer

structural changes, as evidenced by °'V magic-angle spinning nuclear -500 -700 -500 -700
magnetic resonance (*'V MAS NMR) in this study. For low surface vanadia ‘ /j »

densities on titania, a modest trend toward the formation of dimeric and @ /lj\ 3 NI
oligomeric vanadia species was observed under hydrated conditions when o9 ey V205 VO(OH)3ea |

compared to the corresponding dehydrated catalyst, which contains a large Titania

abundance of monomeric vanadia species. The incorporation of tungsten

oxide into the V,0;/TiO, catalyst with low surface vanadia density, however, is found to better stabilize the surface vanadia species
on the titania support upon hydration than its tungsta-free counterpart. This stabilization is not an intrinsic property of more
extensively oligomerized surface vanadia species in the presence of tungsten oxide, which is evidenced by the conditions of high
concentrations of surface vanadia oligomers on titania that exhibit dramatic structural changes upon hydration. At high surface
vanadia coverage under hydrated environments, the simultaneous observation of polycrystalline V,05 nanoparticles and a mobile
phase of surface vanadia species is apparent, where vanadia species are dissolved in a thin hydration layer on the titania support.
These new findings have broad implications on the behavior of other metal-oxide species on high surface oxide supports under
hydrated conditions.

B INTRODUCTION

Vanadium oxide-based materials are important industrial
catalysts employed in myriad applications. Vanadium oxide
in catalytic applications is typically present as a minority phase
supported atop another oxide material (the support) with a

these materials under the different environments they
encounter.

Efforts to understand the molecular configurations of
supported vanadia species are abundant in the literature. In
the dehydrated state, the configurations are typically described
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high surface area, and it has shown effectiveness in chemical
conversions ranging from oxidative dehydrogenation (ODH)
of alkanes and alcohols,"” SO, oxidation,” o-xylene oxidation,”
selective catalytic reduction (SCR) of nitrogen oxides,” and
photocatalytic conversion of alcohols.® In its pentavalent state,
surface vanadia species that favorably catalyze photo/
thermochemical conversion occupy structural and coordinative
configurations dissimilar to their bulk polycrystalline V,O;
molecular structure. This structural contrast imbues alternative
reactive properties that are dependent on specific molecular
arrangements. Factors such as the supporting oxide, vanadia
loading, and chemical environment of the material intimately
affect the supported vanadia species that are present.” For
example, vanadia structures are described to evolve from
monomeric species (distorted VO, centers with one V=0 and
three V—O-support bonds) at low surface density to
oligomeric species at moderate loadings and finally to the
bulk polgcrystalline V,05 nanoparticles above monolayer
coverage.”” As such, there exists a desire to characterize
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as the distorted VO, species on the catalyst support that
become, except for silica-supported materials, oligomeric as the
surface density increases, comprising a mixture of species
types.'® Vanadia is well known to be strongly impacted by the
chemical environment, such as the hydration state, presence of
adsorbates, metal-oxide loading, and oxide-supporting materi-
al."" Hydration is of particular interest because of its relevance
to the initial state of manufactured catalysts prior to their use
and to the photocatalytic performance of vanadium-based
heterogeneous catalysts'> because water molecules are not
driven from the surface under ambient conditions.”> Under
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such hydrated conditions, vanadia is known to interact with
adsorbed moisture, stimulating a structural change as a thin
aqueous layer forms on the oxide support that enables vanadia
to migrate and form new molecular structures.'* To obtain a
detailed molecular picture of these structures of vanadium
oxide supported on titania under such conditions, nuclear
magnetic resonance (NMR) was exploited as a tool to
discriminate and quantify the vanadia species present on
hydrated supported vanadium oxide catalytic materials.

NMR is a well-demonstrated technique that can provide
specific insights into the types of molecular structures present
in a sample.”™"” As a nondestructive and quantitative
spectroscopic method, it can discriminate among the chemical
environments of diamagnetic nuclei by employing a strong
magnetic field to manipulate the nuclear spins. Because > V is
a quadrupolar nucleus, it is subject to quadrupolar interactions
that broaden the NMR signals, decreasing spectral resolution
and introducing quadrupolar line shapes. To mitigate this, high
magnetic field strengths have been employed to probe the
surface of supported V,05/TiO, catalysts, reducing second-
order contributions to the quadrupolar interactions. The 'V
magic-angle spinning-nuclear magnetic resonance (*'V MAS
NMR) assignments of these various vanadia species supported
on titania materials have been reported on the basis of previous
reports and computational modeling.'® Furthermore, the
ability to control the environment and observe the structural
changes that occur under specified conditions is a notable
advantage of the *'V MAS NMR spectroscopic technique.'”
We have previously discriminated the surface molecular
structures of several vanadium oxide catalysts and found that
SCR is promoted by the presence of oligomeric vanadia.”
Herein, we employ similar strategies to understand the
structure of these materials under hydrated conditions.

B EXPERIMENTAL METHODS

Supported vanadia and tungsta catalysts were synthesized by
the incipient-wetness impregnation of the aqueous solutions of
ammonium metavanadate (0.35 M, Aldrich) and/or ammo-
nium metatungstate (0.06 M, Pfaltz & Bauer, 99.5%) onto the
TiO, support (Degussa, P-25, ~55 m?/g). The resulting
sample was stirred for half an hour before being dried
overnight. If applicable, subsequent impregnation was repeated
using the tungsta precursor to generate promoted vanadia
catalysts. After all metal oxides were supported and dried, the
samples were dried with flowing air (0.1 L/min) at 120 °C for
4 h and then thermally treated at 550 °C for 4 h under flowing
air. Temperature ramp rates during the synthesis were
controlled to 1 °C/min.

Prior to NMR measurements, dehydrated catalyst samples
were dried in flowing dry air (~20 sccm/mg) at 400 °C for 3
h. The samples were sealed inside a thermal treatment tube
with isolation valves at the conclusion of the thermal treatment
and subsequently transferred to a nitrogen-filled glovebox.
Inside the dry box, the samples were loaded into 2.5 mm
pencil-type Bruker NMR rotors for NMR analysis. Hydrated
samples contacted air for several months prior to loading into
the NMR rotors with no additional treatment. The temper-
ature during storage was 23 °C in climate-controlled
environments with an approximate water pressure of 1.2 kPa.

The *'V MAS NMR experiments were conducted using a
14.0921 T Bruker wide-bore spectrometer equipped with a
commercial 2.5 mm pencil-type MAS probe. The correspond-
ing 51 V Larmor frequency is 157.777832 MHz. Single-pulse

'V NMR experiments were conducted with a /6 pulse width
of 1.5 ps, a delay time of 0.2 s, a spectral width of 1 MHz, and
an acquisition time of 4.096 ms. While this deviates from the
generally accepted 7/10 criterion for confidence in the
quantitative nature of spectra of quadrupolar nuclei,”’ this
approximation allows for the enhanced sensitivity required for
this dilute and broad species and enables the collection of
largely quantitative results. It also lies within the realm of tip
angles previously employed by other research groups for such
systems,”” including a work which demonstrated that tip angles
less than 7/3 were sufficient for accurate representation of
relative intensities.”’ It should be stated that the primary
interaction for *'V NMR is chemical-shift anisotropy and that
quadrupolar interactions are relatively minor contributions****
and that MAS NMR is an effective way to detect small chan§es
in the chemical shift between different vanadia species.”™*°
Because chemical-shift anisotropy is an informative and
important consideration for vanadium NMR, the full array of
parameters is ideally extracted using satellite transition
spectroscopy (SATRAS).”’ ™" An accurate analysis of the
sideband pattern to extract such parameters is unfortunately
stressed by complicated baselines, poor sensitivity of dilute
supported oxides, and extensive probe ringdown. Typically,
389,120 scans were collected per *'V MAS NMR spectrum.
Chemical shifts were externally referenced to the center band
of bulk V,05 at —613.8 ppm relative to VOCl;. Spinning rates
of 32—35 kHz were used for all 600 MHz experiments. To
abate concerns regarding the potential presence of NMR-
invisible V** species, we have previously performed quantita-
tive electron paramagnetic resonance measurements on the
dehydrated samples and have reported less than 1% of all
vanadium in the reduced state.”” Reduction in the hydrated
condition is neither expected nor extensively shown for other
materials,”” so the presented NMR should be regarded as
representative of the vanadium species present in the catalyst.

The 'H MAS NMR experiments were conducted to ensure
the dry or hydrated state of the catalyst surface before and after
the 'V MAS NMR measurement, which is evidenced by the
absence or presence of water in the 'H NMR signal. A
representative example is provided in Figure S2. A 57/24 pulse
width of 1.25 s, a delay time of 2 s, a spectral width of 0.5
MHz, and an acquisition time of 8.192 ms comprised the pulse
sequence. Typically, 1,024 scans were collected per 'H MAS
NMR spectrum. The 'H chemical shifts were externally
referenced to adamantine at 1.82 ppm.

The interpretation of the NMR spectra was assisted by
NMR chemical-shift calculations rooted in density functional
theory using the Amsterdam density functional (ADF)
software.”’ ™° Cluster model geometries were optimized
using the generalized gradient approximation (GGA) with
Grimme’s third-generation dispersion corrections applied to
the Beck-Lee-Yang-Parr functional (GGA: BLYP-3D).**%¢
Scalar relativistic effects were accounted for using the zero-
order regular approximation (ZORA).””*® The slater-type, all-
electron, triple- {, two-polarization function (TZ2P) was
implemented as the basis set.*”

Anatase TiO, surface cluster models were constructed from
Howard et al’s structural determination of anatase cut along
the (001) and (101) planes.** The models provided two layers
of repeating lattice titania in depth, where the bottom layer was
frozen to preserve the crystal structure, allowing the surface
and the first row below to relax. Terminal oxygen atoms were
charge-balanced with protons at a length of 9.7 A in the
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Figure 1. In situ *'V MAS NMR of the supported 1% V,0;/TiO, catalyst under hydrated (top) and dehydrated (bottom) conditions. The center

band has been expanded for clarity. * indicates the spinning side band.

direction of the removed Ti atoms. Vanadium oxide species
were arranged atop this surface model and optimized as
described above.

Vanadium oxytrichloride (VOCL;) at 0 ppm was used as the
computational standard to compare the theoretical results to
the experimental findings (shielding of —1858.09).""** The
calculated shielding relates to the chemical shift by 6(°'V) =
—1858.09—0, . A secondary reference, V,Oj, correlates to the
experimental results of —613.8 ppm at —618 and —607 ppm
for the ensemble average and center vanadium atoms,
respectively, validating the method.

B RESULTS AND DISCUSSION

Low Surface Vanadia Density of Titania-Supported
Vanadia Catalysts. When occupying a support at low surface
vanadia densities, vanadium oxide is ;)rescribed to resemble
primarily monomeric vanadia species.”” The 1% V,0,/TiO,
material presented herein corresponds to a surface density of
~1 V/nm? which is consistent with low coverage conditions
because a monolayer of vanadia corresponds to 8 V/nm?. This
supported V,0/TiO, catalyst, with 0.130 of monolayer
coverage, is known to show preferential formulation of
monomeric species under dehydrated conditions, but still a
distribution of vanadia species occupies the surface. To gain
further insights into the type of vanadia species present, solid-
state *'V. MAS NMR was employed to discriminate the
structures of vanadia in the sample. The relevant results are
depicted in Figure 1.

Under dehydrated conditions, an assortment of signals is
present that have been detailed previously.”” Briefly, signals at

—507 and —534 ppm correspond to VO, and square-
pyramidal-type VOg monomeric species anchored to the
titania surface. Broad signals downfield may be indicative of
monomeric species near an oxygen vacancy; however, this is
supported primarily by computational correlations shown in a
previous work.”® Furthermore, such species tentatively
deconvoluted at —480 ppm are quite broad and exhibit low
intensity, increasing uncertainty in the origin of such species.
All isolated vanadia signals account for 50% of the integrated
spectral intensity of the center band. It can be seen from the
spinning side-band pattern that differences in chemical-shift
anisotropy between individual chemical species may be over-
representing the monomers in the center band intensity;
however, for the purposes of comparison to the same sample,
the center band is used. This quantification imprecision is less
impactful on samples containing primarily oligomers (see
below), for which side bands retain their shape.”” The
assignment for signals near —562 ppm has evolved over the
years, previously being ascribed to a variety of features
including VO, oligomers,'” distorted VO,,** and more recently
affirmed as dimers (V,0,)."* Such dimeric vanadia species at
—563 and —584 ppm account for about 38% of the vanadia
observed. Signals upfield at —614 and —649 ppm are ascribed
to polyvanadate in oligomeric species. It should be noted that
the *'V signals at —614 ppm typically correspond to bulk
V,0s; however, such polycrystalline nanoparticles that form
when the monolayer is exceeded are typically narrower in
nature because of vanadia site uniformity and exhibit a distinct
spinning side-band pattern. The absence of both characteristics
leads to the assessment that these species are dehydrated
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oligomeric surface vanadia, which may be precursors to the
well-defined bulk V,0O; polycrystalline structure.

Distinct changes to the spectrum are observed when the
sample contacts water vapor. The top of Figure 1 highlights the
vanadia chemical environments that arise from 0.130 V,0,/
TiO, that underwent exposure to ambient moisture over an
extended period of time. Notably, signals corresponding to
VO, monomers at —508 ppm are suppressed, comprising only
3% of the total signal for the hydrated sample. In contrast, the
intensity at the position of the distorted VO; species is mildly
enhanced under hydrated conditions, up to 24% from 18%.
Changes are also observed in the intermediate chemical shift
range, where the intensity near —583 ppm is suppressed in
favor of both a broad and narrow resonance at —560 ppm, and
both signals comprise 36% of the integrated total *'V NMR
signal intensity. Finally, a dramatic enhancement (from 14% to
37%) of signals indicative of vanadia oligomers at —630 ppm is
observed, which suggests that under hydrated conditions, the
vanadia species can migrate and combine to generate
oligomeric vanadia species, expressing a higher abundance of
such species relative to their dehydrated counterparts.

These results are slightly dissimilar to what has been
previously reported for silica-supported vanadium oxide
catalysts. In the case of a hydrated V,0:/SiO, materials, all
vanadia resonances dramatically change across a range of
surface densities.'”*%* Here, only a portion of the vanadia is
transformed to more oligomeric structures. Such contrast may
reflect the stronger interaction between titania and vanadium
oxide relative to that for the silica support. This, in turn,
renders surface vanadia species more stable on titania (the V—
O-Support bonds may be less hydrolyzed in moisture).

To better discriminate the potential impact water has on the
shielding of vanadia nuclei, computational modeling efforts
were explored (Figure 2). Distorted VO, monomers exhibit a

-5627 ppm

a -516 ppm b

C  -541,-550
Y

d -589 ppm e " «\’

-600 ppm <

Figure 2. DFT-optimized cluster models of hydrated vanadium oxide
structures on TiO,, including (a) distorted VO, with bridge bond
protonation, (b) distorted VO,, (c) dibridged dimers, (d) dehydrated
VO, with a hydrolyzed bridge bond, and (e) VO, with a hydrolyzed
bridge bond. Atoms represented include vanadium (orange), titanium
(gray), oxygen (red), and hydrogen (white).

slight shift upfield in the presence of water, depending on the
surface proton placement (Figure 2a,b). This prediction may
accurately account for a portion of the signal enhancement of
distorted VOjs species under hydrated environments. Dimeric
species with two V—O—V linkages (Figure 2c) result in
chemical-shift predictions that are relatively unaffected by the
presence of water (—541 ppm without water to —550 ppm
when hydrated), which is similar to the chemical shift assigned
to dehydrated dimeric vanadia species in the NMR spectra.
The enhancement of signals in this region may be due to the

migration of isolated surface vanadia species, which agglom-
erate to form this dimeric configuration. Attempts were also
made to assess the potential for the hydrolysis of the V—O—Ti
bridge to form a stable, digrafted species (Figure 2d,e), as
previously reported.” It has been previously predicted that at
low vanadia coverages, when not rigorously dehydrated,
OV(OH)O, monomers would form and possess a high affinity
for water.">*” Such species are predicted to reflect chemical
shifts near —590 or —600 ppm, the experimental results of
which show a loss of intensity upon hydration, suggesting the
need for revised models.

Given the observations from the density functional theory-
NMR (DFT-NMR) calculations, it can be explained that under
hydrated conditions at low surface vanadia densities, a sizable
portion of the vanadia species migrates on the surface to alter
their electronic environment. Some distorted VO, species may
remain stable and interact in the presence of water, enhancing
the intensity of signals at —530 ppm. Most notably, a dramatic
increase in extended oligomeric vanadia species is observed at
—630 ppm. There is no evidence for the existence of stable
digrafted monomeric species. These combined results clearly
illustrate the changes in the structural configurations that
vanadia species take when exposed to moisture.

Tungsten-Promoted Titania-Supported Vanadia Cat-
alysts. Sometimes, tungsten oxide is incorporated as a
promoter to vanadia-based catalysts on titania supports,
especially for SCR applications. One of the noted benefits of
tungsten oxide-promoted vanadia materials is its ability to
stabilize surface vanadia species under SCR reaction
conditions.*® Indications of the extent of hydrothermal stability
may be apparent even at low temperatures in the presence of
water. It has also been shown that surface occupation of
tungsten oxide leads to the promotion of surface vanadia
species that are more oligomeric in nature.”” To probe this, a
submonolayer vanadia (1 V/nm?; 0.136) catalyst with tungsten
promotion (2.4 W/nm? 0.536), represented by the notation
1% V,05—5% WO,/ TiO,, was prepared and analyzed with *'V
MAS NMR under ambient conditions to compare with the
known vanadia speciation of the dehydrated counterpart. The
resulting spectra are presented in Figure 3.

As known, the presence of surface tungsta species generates
large quantities of oligomeric vanadia species, even at a low
vanadia coverage, under dehydrated conditions. The spectrum
from the dehydrated 1% V,05—5% WO,;/TiO, catalyst shown
in Figure 3 shows small amounts of monomeric species at
—517 and —535 ppm (18%) and dimeric vanadia species at
—568 ppm (24%), with an abundance of oligomeric vanadia
species at —630 ppm (58%). When hydrated, the changes to
the structure of vanadia species are notable, but not as
significant as with the tungsta-free vanadia catalyst. Under
hydrated conditions, the monomeric vanadia species are
suppressed to the point of not being clearly resolved from
the dimeric vanadia species at —553 ppm. The types of
oligomeric vanadia species appear to change slightly, which is
evidenced by a relatively narrow resonance at —623 ppm and a
shoulder at —660 ppm. These are in the region typically
ascribed to oligomers, but the oligomer abundance is
comparable to that of the corresponding dehydrated catalyst.

Because of the relatively narrow nature and the chemical
shift position of the feature at —623 ppm, it may follow that
this peak could be related to the further migration of vanadia
species to form bulk V,Og crystallites. To assess this possibility,
the spinning side-band pattern of the hydrated spectrum’s
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Figure 3. In situ 'V MAS NMR of 1% V,0,—WO,/TiO, under hydrated (top) and dehydrated (bottom) conditions. The center band has been
expanded for clarity. The spectrum for bulk V,05 (red) has been overlaid for comparison.

—623 ppm peak was compared to that of bulk V,0; (red
overlay, at a slightly faster spinning rate). It is apparent that the
spinning side-band pattern of the bulk material dissipates much
faster than the peak at —623 ppm, indicating that these two
features are dissimilar, with the catalyst signal having larger
quadrupolar coupling than the well-defined crystal. Indeed,
larger quadrupolar coupling is expected of vanadia strongly
bound to a support surface.””* Given that the species present
under hydrated conditions are quite similar to those under dry
conditions, it follows that tungsten oxide indeed assists to
stabilize the surface vanadia species as oligomers. Even the
initially present oligomers resist agglomeration to generate
V,Os crystallites in the presence of the tungsta promoter. Such
an observation has implications on the previously reported
effects of these materials when (hydro)thermally aged.
Marberger et al. noted some vanadia species were more
volatile than others, with potential losses in vanadium up to
0.8% under the reported conditions of hydrothermal aging.>'
Increased SCR activity upon exposing the catalysts to
increasingly harsh thermal treatments was noted and attributed
to decreases in the surface area overcoming losses to
catalytically active vanadium atoms. This may well be due to
the redistribution of surface vanadia to occupy more
oligomeric configurations that are relatively resistant to
hydrothermal treatment in a fashion similar to the oligome-
rization observed in the presence of tungsten and the
concomitant increase in vanadium stability afforded by the
presence of tungsten oxide. Indeed, the extent of oligomeriza-
tion tends to increase with surface tungsten oxide coverage as
well as calcination temperature.”” Hydrothermal aging trends
suggest similar responses, but with some variability at very high

tungsten concentrations. Such thermal aging practices may
work cooperatively with tungsten oxide to enhance V,0s—
WO;/TiO, SCR catalysts.

High Surface Density Titania-Supported Vanadia
Catalysts. The effect of moisture on near-monolayer surface
vanadia catalysts was also considered to better understand the
origin of the hydration stability for 1% V,05—5% WO;/TiO,.
The presence of tungsten oxide alone could offer such an
effect, but it is also possible that such a property is inherent to
the nature of vanadia oligomers. A supported 5% V,0,/TiO,
catalyst (7 V/nm?; 0.880) was analyzed under hydrated and
dehydrated conditions with 'V MAS NMR, and the resulting
spectra are presented in Figure 4. The dehydrated catalyst
exhibits an array of surface vanadia signatures that correspond
to monomers (—526 and —544 ppm; 7%), dimers (—580 ppm;
54%), bulk-like V,05 (=612 ppm; 13%), and oligomeric
vanadia (—64S ppm; 26%) surface species. Previously, it was
uncertain whether the —612 ppm feature in this sample was
related to bulk V,0s; however, the comparison of the spinning
side-band pattern of the dehydrated catalyst to that of bulk
V,0j; indicates that these species are likely polycrystalline V,04
nanoparticles within the limits of the local structure sensitivity
of NMR, but polycrystalline V,O; was not present in the
Raman spectrum of this dehydrated catalyst.

Upon hydration, a dramatic change is observed in the *'V
NMR spectrum for the 5% V,05/TiO, catalyst. Under such
conditions, the catalyst exhibits a narrow distribution of
vanadia with only two distinct, relatively narrow environments.
The primary feature resonates at —614 ppm, exhibits a
spinning side-band pattern consistent with bulk V,Os, and
represents 95% of all vanadia in the catalyst. Under the
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Figure 4. In situ *'V MAS NMR of 5% V,0;/TiO, under hydrated (top) and dehydrated (bottom) conditions. The center band has been
expanded for clarity. The spectrum for bulk V,0; (red) has been overlaid for comparison.

conditions of hydration at high surface vanadia densities,
migration and agglomeration of vanadia species to generate
these bulk V,05 nanoparticles are apparent. Interestingly, a
second, very narrow resonance is present at —628 ppm,
accounting for just 5% of the environments. This species
produces no obvious spinning side-band pattern, reflecting a
vanadia species that is relatively mobile. Indeed, it has been
predicted that high levels of hydration can stimulate the
leaching of OV(OH); species.”® Although previously pro-
posed,” this study represents the first time that a fraction of
vanadia species was distinctly observed as a dissolved vanadia
species on the titania surface under hydrated conditions.

To better understand the type of mobile vanadia species
present on a wetted surface, a vanadia solution phase diagram
can be employed to describe the dissolved vanadia species.”
This phase diagram, reconstructed and adopted in Figure S3,
describes the configurations that vanadia species take under
varying pH and concentrations. The pH of an overlayer
solution on a hydrated metal-oxide surface can be approxi-
mated by the average between the point of zero charge (PZC)
of the support and of the anchored metal-oxide phase. In the
case of vanadia (PZC: 1.5) on titania (PZC: 6.2), the pH
acting on these species should be approximately 3.9. Note that
in the presence of tungsten oxide (PZC: 1.5), the pH can be
approximated at 3.1. According to the phase diagram, vanadia
in solution on the titania surface should occupy either
decavanadate (V;,0,,(OH),>”) or VO(OH); structures at
such conditions, depending on the concentration of vanadia in

solution. Decavandate, favored at high concentrations, should
exhibit multiple chemical-shift signatures and may be too bulky
for fast molecular tumbling when confined to a layer of water
on the surface of titania (note that it can do so in aqueous
solutions), so this species is discounted.*”>> As such, the
mobile vanadia species at —628 ppm is tentatively assigned to
VO(OH);. We previously modeled a cluster of VO(OH); in
vacuum to yield a predicted chemical shift of —$74 ppm.*
Attempts were made to model potential configurations in
explicit water as the solvent while proximal to the surface of
titania, including a monografted VOy species, but the
calculated shielding results suggest chemical shifts between
—430 and —480 ppm instead (Figure S1), which are
inconsistent with the experimental observations.

The 'V NMR chemical shifts of various vanadate solutions
across different concentrations and pH levels have been
reported previously. A number of metavanadate ions in
aqueous solutions across a range of pH values show poor
agreement with the observed mobile phase feature reported
herein (and summarized in Figure $3).°°7°' Likewise, the
chemical shift of VO(O,)*” has been explored over a range of
pH values and counterions, but it does not reflect the species
from our 'V MAS NMR spectrum.®” Interestingly, Conte et
al. explored combinations of NH,VO,, H,O,, and picolinic
acid in water at different pH values. They observed a vanadia
species near this chemical shift: VO(O,)PIC,”, a monoperoxo
vanadium complex with two picolinate ligands. Given the lack
of picolinic acid, this is unlikely the identity of the dissolved
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surface species. It is also interesting to note that solutions of
oxovanadium trimethoxide, oxovanadium triethoxide, and
oxovanadium triisopropoxide have been reported at —600,
—590, and —630 ppm, respectively.”® The consistency between
these reported values and the experimental value reported here
leads to the assignment of a mobile vanadia species in the
solution that exhibits a chemical environment similar to that of
oxovanadium alkoxide species, such as O=V(OCH,CH,);, on
the basis of the chemical shift, but different in the absolute
coordination environment, given our lack of alkoxides in the
system. Organic species contributing to 5% of the vanadium
signal must either come from the oxalic acid synthesis
procedure, the titania support, or form from trace organic
vapors found in air and survive thermal treatment in air at 550
°C. Given that these samples were previously shown to be free
to impurities, organic species would decompose at elevated
temperatures, no alkoxide or alcohols were used in the system,
and any present would promptly hydrolyze in the presence of
water (ambient spectra), it is unlikely that such species explain
the observation of the mobile peak in this work. Furthermore,
a systematic study of the effect of titania impurities on the >'V
NMR spectra did not show such a species, suggesting that this
signal does not arise from the presence of one of the tested
impurities.”” Potentially, O=V(OH); species are distorted by
the titania surface functional groups that alter the observed
chemical environment from what would be expected from the
solution state of VO(OH); however, a consistent theoretical
model was not found. Our DFT models predict that the
chemical shift of VO(OH); species does not change
appreciably with water exposure. Given the preponderance of
evidence, this species is broadly described by a mobile
vanadium species that is solvated using water.

When the dry high-density surface vanadia species are
exposed to moisture, the anchored vanadium oxide species can
hydrolyze their support bonds and migrate to form larger
oligomeric clusters. At a high enough surface vanadia density,
the primary structure generated is that of bulk polycrystalline
V,0;. Residual hydrolyzed vanadium species remain detached
from the support surface and are mobile in solutions. They
occupy molecular configurations that express chemical
environments similar to those of oxovanadium alkoxide species
and are tentatively assigned as the VO, species that are mobile
yet maintain interactions with surface titania sites that may
keep them localized or in environments dissimilar to a truly
aqueous VO(OH); species. Such a result not only highlights
the dramatic structural changes that take place in the presence
of water but also supports previous findings®>** that additives
such as tungsten oxide stabilizes the vanadia species because
the oligomeric vanadia species present in the promoted catalyst
do not aggregate to form V,0O; nanoparticles, whereas those
oligomeric species in the unpromoted vanadia catalyst do form
V,0; nanoparticles. This observation accounts for the
relatively common observation of V,0; or other metal-oxide
crystallites in hydrated catalysts and the absence of the
crystallites in dehydrated catalysts as probed by Raman
spectroscopy.

The generality of using the metal-oxide phase diagram to
predict the vanadium speciation of a wet metal oxide surface is
not supported by the current experimental results. Indeed,
several studies have examined the *'V NMR spectra of vanadia
species in solutions at different pH, concentrations, and
counter-anion conditions. Figure S3 presents the chemical
shifts observed for various vanadia species in solutions in the

context of such a phase diagram. The poor agreement with our
own experimental results suggests that the support plays a role
in directing the chemical environment of the vanadium oxide
atoms beyond altering the isoelectric point (PZC). While the
immediate bonding environment of vanadia may be directed
by such a phase diagram [such as VO(OH),], the specific
geometry of such molecular configurations is impacted by the
oxide support, which may express functionalities that perturb
the species-bonding environment of the wet vanadia moiety
when compared to aqueous vanadia. This result may have
implications on the molecular configurations that mobile
vanadia species take when present on the surface of other
hydrated supports.

B CONCLUSIONS

The present investigation describes the impact of hydration
under ambient conditions on the molecular structures of
titania-supported vanadium oxide catalytic materials, as
monitored by magnetic resonance spectroscopy. Under
hydrated conditions, surface vanadia species undergo rear-
rangement of their molecular structures to favor more
oligomerized species compared to the dehydrated surface. At
low surface vanadia densities, moderate changes to the vanadia
structures are observed that slightly favor the formation of
oligomerized surface vanadia species relative to the dehydrated
surface. The presence of tungsten oxide as a promoter results
in more stable oligomeric surface vanadia species that are not
significantly impacted by hydration. This effect stems directly
from the presence of surface tungsta species and not potential
stabilization induced by the oligomerized vanadia species,
which is evidenced by a catalyst containing high surface
vanadia density that also preferentially forms oligomerized
species when dehydrated but changes dramatically upon
hydration. The high surface vanadia density catalyst transforms
the dehydrated surface vanadia species to bulk V,Oq
polycrystalline nanoparticles upon hydration, as well as the
mobile vanadia species solvated by water on the titania surface.
This is the first time that a fraction of anchored surface vanadia
species could be discriminated from dissolved vanadia species
on a wet supported vanadia catalyst. The results illustrate the
strong effect that environment has on the molecular structures
of metal-oxide catalysts. The current observations for
vanadium oxide have broad implications for how the structures
of other metal-oxide materials are altered upon hydration,
laying the framework for a molecular-level understanding of
the structures of hydrated metal-oxide catalysts.
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