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1. Introduction

Heterogeneity of the vanadia phase dispersed on
titania. Co-existence of distinct mono-oxo VO,
sites

Theocharis Kentri,®° Athanasios Tsevis® and Soghomon Boghosian (2 *3-P

The structural and configurational characteristics of the species comprising the (VO,),, phase dispersed on
TiO,(P25) are studied under oxidative dehydration conditions by in situ molecular vibrational spectroscopy
(Raman, FTIR) complemented by in situ Raman/*®0 isotope exchange and Raman spectroscopy under
static equilibrium at temperatures of 175-430 °C and coverages in the 0.40-5.5 V nm™ range. It is found
that the dispersed (VO,),, phase consists of distinct species with different configurations. At low coverages
of 0.40 and 0.74 V nm~2 isolated (monomeric) species prevail. Two distinct mono-oxo species are
found: (i) a majority Species-I, presumably of distorted tetrahedral O=V(-O-)3 configuration with V=0
mode at 1022-1024 cm™ and (i) a minority Species-II, presumably of distorted octahedral-like O=V
(-O-)4 configuration with V=0 mode at 1013-1014 cm™™. Cycling the catalysts in the 430 — 250 —
175 - 430 °C sequence results in temperature-dependent structural transformations. With decreasing
temperature, a Species-Il — Species-| transformation with concomitant surface hydroxylation takes place
by means of a hydrolysis mechanism mediated by water molecules retained by the surface. A third species
(Species-Ill, presumably of di-oxo configuration with ve/vss at ~995/985 cm™) occurs in minority and its
presence is increased when further lowering the temperature according to a Species-| — Species-IIl hydro-
lysis step. Species-1l (O=V(-0-),) shows the highest reactivity to water. For coverages above 1V nm™2, an
association of VO, units takes place leading to gradually larger polymeric domains when the coverage is
increased in the 1.1-5.5 V nm™2 range. Polymeric (VO,), domains comprise building units that maintain the
structural characteristics (termination configuration and V coordination number) of Species-I, Species-II,
and Species-Ill. The terminal V=0 stretching modes are blue-shifted with increasing (VO,),, domain size. A
lower extent of hydroxylation is evidenced under static equilibrium forced dehydrated conditions, thereby
limiting the temperature dependent structural transformations and excluding the possibility of incoming
water vapors as the cause for the temperature dependent effects observed in the in situ Raman/FTIR
spectra. The results address open issues and offer new insight in the structural studies of VO,/TiO, catalysts.

new legislation-driven restrictions on NO, emissions. Vanadia-
based SCR catalysts typically also contain tungsta but model

A wide range of catalytic processes of industrial and environ-
mental interest benefit from supported vanadia catalysts."?
Worth mentioning are the selective catalytic reduction (SCR) of
NO, with NH3,*” the partial oxidation of methane,® the partial
oxidation of methanol,’ the oxidative dehydrogenation of light
alkanes,'® and the selective oxidation of butane.

Research on the molecular structure and catalytic perform-
ance of titania-supported vanadia catalysts, widely used in the
NH;-SCR NO, removal process, is of topical interest'”> due to
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studies still focus on the V,05/TiO, system.'*'* Despite the
very extensive research efforts on revealing the coordination of
the V atom, the termination configuration (mono-oxo vs. di-
oxo0), the vibrational properties and assignments of V-O
modes, the extent of association (monomeric vs. polymeric
species) etc., the structural properties of the dispersed (VO,),
sites are under debate.”'>> Fundamental interest is uninter-
ruptedly focused on identifying the (VO,), configurational
characteristics to help determine the dispersed phase compo-
sition and understand the reaction mechanism at the mole-
cular level.

Surprisingly, the issue of the dispersed phase (VO,), hetero-
geneity remains underestimated and recent comprehensive
reviews on the systematics of supported transition metal
oxides report over simplified descriptions for the dispersed
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phase structure of titania-supported vanadia catalysts.®>°
However, the diversity of reported proposed configurations
(e.g. pyramidal O=VO,,*! tetrahedral O=VQO;,>’ and/or perti-
nent variations depending on the coverage) reflects the com-
plexity of the structure, suggesting that one cannot exclude the
fact that the dispersed (VO,), phase is heterogeneous, even at
low coverage. Outstanding paradigms of spectroscopically evi-
denced heterogeneity of oxo-metallic phases dispersed on TiO,
include the existence of distinct mono-oxo and di-oxo ReO
sites,”® reversible temperature-dependent transformations
between MoO, species,?*° and the existence of distinct mono-
oxo WO, species.’’ Additional examples of dispersed oxo-
metallic phase heterogeneity on other supports (e.g. SiO,,
AL, O3, Ce0,) can also be found in the literature on supported
transition metal oxide catalysts.>*7®

Significantly, attention in experimental in situ spectroscopic
studies is focused on dehydrated conditions, i.e. without the
presence of H,0(g) in the gas feed (hereinafter referred to as
dehydrated feed conditions). However, it has become widely
accepted that water is a ubiquitous molecule and that fully de-
hydrated dispersed vanadia on titania occurs only under
severe conditions (e.g. vacuum) of the absence of absolute
water.'®?%?94% Ag a paradigm, water molecules formed as a
result of the titration of surface hydroxyls by the V precursor
species*’ during the deposition preparation step can be
retained on the titania surface by H-bonds.** Therefore, the
state of a catalyst under dehydrated feed conditions should
rather be described as hydroxylated, since the dissociative
adsorption of extant water molecules would result in OH for-
mation, e.g. by protonation of O atoms along V-O-Ti anchoring
bonds.>**® Such hydroxylated VO, species dispersed on TiO,
facets are proposed as plausible stable sites based on theoretical
and Density Functional Theory (DFT) calculations.'®>%%2°

With relevance to the issue of heterogeneity of the VO, dis-
persed phase on titania anatase, theoretical and experimental
studies suggest that the dispersed phase is inhomogeneous
with structurally varying vanadia species on various TiO,
facets.'>?3>4%43 pertinent catalytic properties have also been
reported to be dependent on the titania crystal structure.**™*®
Likewise, atomic scale redox dynamics in anatase supported
V,0s-based catalysts were found to be dependent on anatase
surface terminations.”” One of the most fascinating findings
suggests the occurrence of tetrahedral-like tetra-coordinated
O=VO,0H on the anatase (101) facet and octahedral-like
penta-coordinated O=VO3;OH on the anatase (001) facet.>*?
Importantly, Arnarson et al., based on DFT calculations, have
shown that the role of the support is not solely to enable the
formation of a dispersed oxo-vanadium phase, but also to pre-
scribe its conformational characteristics and thereby its func-
tional behavior.>®

The aim of the present work is to clarify the issue of hetero-
geneity within the (VO,), phase dispersed on titania under de-
hydrated feed conditions (i.e. without H,O(g) present in the
feed) by applying the criteria of molecular vibrational
spectroscopy.*®° To this end, in situ Raman and FTIR spectro-
scopies (the latter in the overtone region), in situ Raman/**0
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isotope exchange studies as well as high temperature Raman
spectroscopy in static equilibrium under forced dehydrated
conditions (i.e. sampling under O,(g) after 1 h evacuation at
200 °C) are brought into effective action to identify existing
structurally distinct sites. Industrial Degussa (P25) is chosen
as the support, providing a richness of facets (i.e. anatase
(101), (100), (001) and rutile (110))*>** and an abundance of
defects, thereby favoring molecular as well as dissociative
adsorption of retained water molecules. The forced dehydrated
conditions applied were found to limit those temperature-
dependent effects that were attributed to dissociative water
adsorption taking place upon cooling. The results and the dis-
cussion address the aspects of vanadium coordination, termin-
ation configuration (e.g. mono-oxo vs. di-oxo), and site nuclear-
ity (isolated vs. associated species) and contribute to an
improved understanding of temperature and coverage effects on
the structural properties of titania-supported vanadia catalysts.

2. Experimental section

2.1. Preparation and textural characterization of VO,/TiO,
catalysts

The equilibrium-deposition-filtration (EDF) method®' was
used for the synthesis of VO,/TiO, samples with surface den-
sities of 0.40-5.5 V nm™?, i.e. below the experimentally deter-
mined monolayer coverage of 7-8 V nm ' Industrial
Degussa P25, marketed as consisting of 80 wt% anatase and
20% wt% rutile with a typical composition of 78% anatase,
14% rutile and 8% of an amorphous phase,>* was the support
used and NH,VO; (Alfa Aesar, 99%) was the vanadia precursor.
The synthesis of each sample was designed at a specific pre-
cursor solution concentration (in the range Cy(y), initia1 = 0.68 %
107°-43.6 x 10~ M) and precursor solution pH (controlled at
PH =9 or 5, see Table 1) adjusted and controlled automatically
with a Radiometer Copenhagen ABU901 autoburette.
Following the equilibration (24 h) of the support/precursor
solution system, the filtration procedure took place to obtain
wet HgVxOy,” /TiO,(P25) paste samples that were dried for 16 h
at 120 °C and calcined in a muffle furnace at 480 °C for 4 h
under static air. The vanadium surface concentration for all
samples was calculated by determining spectrophotometrically
the equilibrium V(v) concentration (i.e. in the filtrate). Further
details of the procedure have earlier been thoroughly

Table 1 Characteristics of VO,/TiO, catalysts (V surface density, initial
concentration of the precursor solution, pH values of the impregnation
solution and the BET specific surface area. Calcination, 480 °C, 4 h.

Specific surface area of calcined bare TiO,(P25) = 49 m? g~*

Catalysts ns(Vom™>)  Cyw), inita M) PH  Sger(m®g ")
0.40VTiO,(P25)  0.40 6.8x107* 9 48
0.74VTiO,(P25)  0.74 1.2x107° 9 48
1.1VTiO,(P25) 1.1 2.5%x107° 9 48
2.0VTiO,(P25) 2.0 6.0 x 107> 9 48
4.0VTiO,(P25) 4.0 2.0 x 107> 5 48
5.5VTiO,(P25) 5.5 4.4x1072 5 48

This journal is © The Royal Society of Chemistry 2023
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described.>®”> The specific surface area (BET surface area,
Sger) of the catalysts was determined after calcination by nitro-
gen adsorption-desorption.>® The coverage, expressed in terms
of V. nm™2, is calculated for each sample based on the specific
surface area and the percent V content. Table 1 compiles the
characteristics of the VO,/TiO, samples, which are denoted as
XVTiO,(P25) where x is the V surface density (V nm™?).

2.2. Raman and FTIR spectroscopy. Protocols of measurements

2.2.1. In situ steady state Raman spectra under dehydrated
feed conditions. The in situ Raman spectra of the VO,/
TiO,(P25) catalyst samples were recorded using a homemade
optical Raman cell that has earlier been described in
detail.>®>” Typically, 130-140 mg of each sample in powder
form was pressed into a wafer by using a hydraulic press at a
~25 kN load. The wafer was mounted on the sample holder of
the in situ cell and heated for 1 h to 430 °C under a 30 cm?
min~" flow of dry 20% O,/He feed gas (He 99.999% and O,
99.999% from L' Air Liquide). A 491.5 nm (cyan) line of a
Cobolt Calypso DPSS laser was used for exciting the Raman
spectra, operated at a power of ~10 mW at the sample wafer.
Additionally, to limit the irradiance, the incoming beam was
slightly defocused by a cylindrical lens, thereby resulting in a
~2 mm? spot size on the sample. A horizontal scattering plane
with right angle scattered radiation collection was set as
optical geometry. A 1403 Spex 0.85 m double monochromator
was used to analyse the scattered light and a —20 °C-cooled
RCA photomultiplier tube interfaced with the Labspec software
was used as a detector.

Recording of in situ Raman spectra under dehydrated feed
conditions started at 430 °C. The temperature was sub-
sequently lowered to 250 °C and 175 °C under a continuous
flow of the dry 20% O,/He feed gas, and steady-state in situ
Raman spectra were collected after 1 h and 45 min of sample
treatment at each temperature. The temperature was then
raised to 430 °C and the catalyst structural state reinstatement
was checked and confirmed by reproducing the in situ Raman
spectrum at 430 °C. The resolution was set at 7 cm™". To
obtain a high signal-to-noise ratio, a slow scan speed with
1.2 s photon counting per point at increments of 0.25 cm ™"
was implemented. The obtained Raman spectra were normal-
ised as described earlier in detail®®® to account for the “path
length” effect caused by the wide 0.40-5.5 V nm™> coverage
range of the samples studied.

2.2.2. In situ steady state FTIR spectra under dehydrated
feed conditions. In situ FTIR spectra in the steady state were
recorded using a Spectra Tech DRIFT in situ cell on a Nicolet
6700 FTIR spectrometer equipped with a KBR beam splitter
and an MCTB detector. The measurements’ protocol was iden-
tical to the one followed for the in situ Raman study. Hence,
each sample was first treated for 1 h at 430 °C under a flow of
dry 20% O,/He gas (at a flow of 30 cm® min~") before recording
the in situ FTIR spectrum at 430 °C. The resolution was 4 cm™*
and 64 scans were averaged for each spectrum. The tempera-
ture was then cycled at 430 - 250 — 175 — 430 °C and in situ
FTIR spectra in the steady state were recorded at each tempera-
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ture. Reinstatement of the structural conditions at 430 °C was
confirmed by reproducing the pertinent spectrum. In situ FTIR
spectra at each temperature were also recorded for pure
TiO,(P25). Finally, due to strong absorption in the fundamen-
tal V=0 stretching spectral range, the overtone V=0 spectral
region is exploited.

2.2.3. In situ Raman/*®0 isotope exchange study. The pro-
tocol followed for undertaking the in situ Raman-'%0/'°0
exchange measurements at 425 °C was established by using
11% H,/He (H, 99.999% from L' Air Liquide) and 2% "°0,/He
gas mixtures as the reductant and oxidant, respectively, as
described earlier.”>®® It turned out that 1-2 min of reduction
by exposure to the 11% H,-containing gas were sufficient for
an adequate reduction, whilst 8 min were necessary for re-
oxidation by exposure to the 2% O,-containing gas. Hence,
each reduction/oxidation '*0/'°0 isotope exchange cycle con-
sisted of a 1-2 min reduction under flowing 11% H,/He and
an 8 min oxidation under flowing 2% '%0,/He (Linde, certified
mixture). Each studied sample was subjected to up to 21
isotope exchange cycles and in situ Raman spectra were
recorded after each **0/*°0 isotope exchange cycle at 425 °C.

2.2.4. Raman spectra under forced dehydrated static equili-
brium conditions. The concept of the herein described neo-
teric experiments has recently been described.>®*! The objec-
tives for studying the high temperature Raman spectra of VO,/
TiO, catalysts under forced dehydrated static equilibrium con-
ditions are threefold. First, to examine if the temperature-
dependent transformations induced by dissociative H,O
adsorption upon cooling in the 430 — 175 °C range can be
limited; second, to examine if the dispersed VO, phase hetero-
geneity can still be confirmed under forced dehydration con-
ditions; and third, to exclude the possibility of incoming H,0O
(g) as the cause of the effects observed in the in situ Raman
and FTIR studies.

For preparing the samples, 30-50 mg of each studied
XVTiO,(P25) catalyst was filled into a quartz optical cell that
has been described in detail recently.***° Very briefly,***! the
quartz cell had a 20 mm o.d. ~3 cm long main compartment,
a 6 mm o.d. ~2 cm long bottom appendix for containing the
catalyst powder and a 6 mm o.d. ~3 cm long top stem. Each
cell, filled with the catalyst powder was attached to a T-shape
glass container (V ~ 43 cm®) and to a vacuum line, as shown in
Fig. 1. The cell, while being heated at 200 °C for 1 h,>**" was
subjected to dynamic vacuum (~10"* atm) with the vacuum
line trap immersed in liquid nitrogen for condensing water
molecules forcibly removed from the sample. The vacuum line
was then isolated from the vacuum pump and oxygen gas
(Linde, 99.999%) was injected and allowed to reach equili-
brium with liquid oxygen condensed in the liquid nitrogen
trap (po, = 0.19 atm, Ze. the vapor pressure of oxygen at 77 K).
Valve V1 (Fig. 1) was then closed, and the amount of oxygen
gas contained in the T-shape construction (~3.3 x 10~* mol)
was condensed in the quartz cell appendix by surrounding the
cell appendix bottom with a liquid nitrogen containing dewar.
The quartz cell was then sealed at its stem at a final volume of
~8 cm® with a propane/oxygen torch, hence at a final oxygen

Dalton Trans., 2023, 52, 7495-751 | 7497
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(A) Diagram of the T-like construction and the quartz cell containing the sample, attached to the vacuum line; (B) picture of the quartz cell

appendix immersed in liquid nitrogen for condensing the O; injected in the line; sealing of the cell by an oxygen—propane torch; (C) the sealed cell

containing the catalyst powder and oxygen gas, po,, 298 k ~ 1 atm.

pressure of po, 205 x ~ 1 atm under static forced dehydrated
oxidative conditions. The ratio of moles O,(g) added to the cell
vs. the moles V contained in the sample was in the range of
% = 70 — 100, thereby ensuring that vanadium will remain

vV
in the +5 oxidation state.

For recording the Raman spectra, each cell was placed into
an optical furnace®"®* and irradiated by a linearly polarized
green 532.0 nm line of a Spectra Physics Excelsior DPSS laser
operated at ~15 mW on the catalyst sample. The scattered
light was collected at 90° through an edge filter, analyzed by
an IHR-320 JY, ISA-Horriba Group monochromator and
detected by a —56 °C thermoelectrically cooled CCD interfaced
with the Labspec software. The spectral resolution was set to
2 em™ ", A detailed description of the instrumentation is given
elsewhere.®® Raman spectra under static equilibrium were first
recorded at 430 °C and subsequently at a sequence of decreas-
ing temperatures at 250, 175 and 120 °C. Finally, the tempera-
ture was raised to 430 °C for reproducing the pertinent Raman
spectrum. Raman spectra under forced dehydrated static equi-
librium were recorded for samples with coverage in the range
0.40-2.0 V nm™>. For coverages of 4.0 and 5.5 V nm™>, strong
scattering from the quartz walls of the sealed container cells
did not allow recording of Raman spectra.

3. Results and discussion

3.1. Heterogeneity of the VO, phase dispersed on TiO,(P25)
at low coverage. Vibrational (Raman and IR) properties and
the configuration of prevailing species

3.1.1. Temperature dependence of the V-O stretching
region, heterogeneity of the VO, phase and structural impli-

7498 | Dalton Trans., 2023, 52, 7495-75T1

cations. Fig. 2 and 3 show the temperature dependence of the
in situ Raman spectra (panels (A)), the in situ FTIR spectra
(panels (B)) and the static equilibrium Raman spectra (panels
(C)) obtained for the low-loaded 0.40 and 0.74 V nm™> VO,/
TiO,(P25) catalysts. The in situ Raman and FTIR spectra are
recorded under flowing 20% O,/He dry feed gas, whilst the
static equilibrium Raman spectra are recorded in sealed
quartz cells under a static oxygen atmosphere (see the
Experimental section). The spectra shown in each panel are
recorded at a sequence of decreasing temperatures. After
recording the temperature-dependent sequential spectra, the
spectrum at 430 °C was reproduced in each case. It is note-
worthy that the choice of excitation wavelength for the Raman
spectra (i.e. cyan 491.5 nm in panels (A) and green 532.0 nm in
panels (C)) had no influence on the Raman spectra for the
studied VO,/TiO,(P25) catalysts with low coverage.

The main Raman band in the V-O stretching region shown
in Fig. 2(A) and 3(A) is asymmetric, displaying at least one
additional component at its low wavenumber side. This obser-
vation is confirmed by the in situ FTIR spectra shown in Fig. 2
(B) and 3(B), which are recorded in the overtone region thereby
resulting in an approximate doubling of bands’ distances and a
clear separation of the overtone counterparts (i.e. at 2031 and
~2010 em™" for 0.40 V nm™> and at 2034 and 2012 cm™" for
0.74 V. nm™?). Hence, in Fig. 2(A) and 3(A) two distinct bands
are also noted as band (I) at 1023-1024 cm™" and band (II) at
~1013-1014 cm™" whereas a third feature (III), consisting prob-
ably of two components, is also discerned at 995/985 cm™, of
which the overtones are observed in the 1985-1960 cm™" range
(Fig. 2(B) and 3(B)). Similar observations of multiple bands are
exhibited in Fig. 2(C) and 3(C) under static equilibrium, namely
band (I) at 1025 and 1027 cm™', band (II) at ~1014 and

~1016 cm™" and double band (III) at ~995/985 cm™".

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 VO,/TiO,(P25) with a surface density of 0.40 V nm~2: (A) sequential (430 — 250 — 175 — 430 °C) in situ Raman spectra obtained under
flowing 20%0O,/He at temperatures as indicated by each spectrum. Dashed traces: TiO,(P25) spectra. Recording parameters: laser wavelength, 1o =
491.3 nm; laser power, w = 10 mW; time constant, ¢ = 1.2 s; spectral slit width, ssw = 7 cm™. (B) Sequential (430 — 250 — 175 — 430 °C) in situ FTIR
spectra obtained under flowing 2%0,/He at temperatures as indicated by each spectrum, resolution, 4 cm™. (C) Sequential (430 — 250 — 175 —
120 — 430 °C) Raman spectra at static equilibrium under po,, 300 k = 1 atm at temperatures as indicated by each spectrum. Dashed lines: TiO,(P25)

spectra. Recording parameters: 1o = 532.0 nm; laser power, w = 15 mW; resolution, 2cm™.
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Fig. 3 VO,/TiO»(P25) with a surface density of 0.74 V nm~2: (A)-(C) see the caption to Fig. 2. Spectral recording parameters: see the Fig. 2 caption.
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The temperature-dependent features in Fig. 2 and 3 show
that upon cooling, the band (II) intensity is weakened relative
to the band (I) intensity, thereby evidencing that bands (I) and
(I1) originate from two distinct species. The pertinent obser-
vation is particularly noticeable under forced dehydrated con-
ditions in the Raman spectra under static equilibrium, i.e.
Fig. 2(C) and 3(C). Hence, band (I) is assigned to a majority
Species (I) and band (II) is assigned to a minority Species (II).
Before addressing the assignment of bands (III) we examined
the degree of association (i.e. isolated/monomer vs. associated/
polymeric) and termination configuration (i.e. mono-oxo vs. di-
oxo) for the distinct Species (I) and Species (II).

3.1.2. Extent of association of dispersed VO, sites. Fig. 4
shows the in situ Raman spectra obtained at 430 °C for the
XVTiO,(P25) catalysts for various coverages in the range
0.40-5.5 V nm >, The corresponding in situ Raman spectrum
of pure TiO,(P25) is also shown as a dashed background under
each spectrum. With increasing coverage, a broad band feature
at ~915 cm™" is discerned in the spectrum obtained for the
1.1VTiO,(P25) sample, which progressively gains intensity and
undergoes a blue shift to ~930 cm™ with increasing coverage
in the 1.1-5.5 V nm ™ range. This is a common and very often
reported observation”?®®*%” in the literature on Raman
studies pertaining to titania-supported vanadia -catalysts.
Although the assignment of the broad 930 cm™' band has
raised controversy in the literature,®® the band’s growth with
increasing coverage has been related to the increase of the
polymeric (VO,), sites’ population and thereby assigned to
V-O-V or O-V-O bridging functionalities (either v,s, v_o-v or

T T
20% O./He VO /TiO,(P25)
2

430°C :

~930

Vinm® ‘

1030
b H
X7)
c
L
£
c
@
€
[V]
4
©
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©
13
o
z
“1023
1 1
1100 1000 900 800

Raman Shift, cm”

Fig. 4 In situ Raman spectra obtained at T = 430 °C under flowing 20%
O,/He for VO,/TiO,(P25) catalysts with surface densities (V nm™2) as
indicated by each spectrum. Spectral recording parameters: see the
Fig. 2 caption.
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Us, oovop). 200:49:04706.69773 Moreover, both theoretical (mole-
cular dynamics and DFT -calculations) and experimental
studies report that isolated (monomeric) species prevail at cov-
erages typically below 2 V nm™2,19>%¢7

The assignment of the 915-930 cm™" bands to the V-O-V
bridging modes is justified by the absence of such a band at
the lowest coverage of 0.40 V nm~> and the increase of its
intensity relative to the intensity of the 1024-1030 cm™" V=0
stretching mode, as seen clearly in Fig. 4. The ~915 cm™" band
is hardly observed also for the 0.74 V nm™> coverage. Notably,
the number of associative V-O-V links increases relative to the
terminal V=0 sites with increasing coverage thereby justifying
a concomitant progress in the formation of polymer units.
Hence, at coverages of 0.40 and 0.74 V nm ™ the dispersed VO,
phase consists exclusively of isolated monomeric species, ie.
both Species (I) and Species (II) are distinct monomeric species.

3.1.3. Termination configuration of prevailing Species (I)
and (II). The band splitting pattern upon **0/*°0 substitution
and the pertinent vibrational isotope effects can shed light on
the differentiation between dispersed oxometallic MO, sites
with different termination configurations (i.e. mono-oxo
M=0, di-oxo M(=0), etc.).***”7° Fig. 5 (panels (A) and (B))

(A) (B)

T T T T T T
0.40 V/nm? 0.74 V/nm?
18160  425°C 80/'%0  425°C
cycles cycles
o l . || 1024 980
G | 11922 76 3 : :
2 | i | 2 ! 1020,
R LY I g M
g |3l 5 {15 M i
IS tl ‘ € ! '
© \ (] Ll WAl
x o AL L
8 8 wr : v : B L U
N N (104
: N
5 5 ol ™ i
b4 b f !
AN
1/ !
o/t
1024
L 1 L 1 L L 1 L 1
1050 1000 950 900 1050 1000 950 900

Raman Shift, cm” Raman Shift, cm'
Fig. 5 Sequential in situ Raman spectra obtained at T = 425 °C under
flowing 2% %0,/He after subsequent H,/*®0, reduction/oxidation
cycles as indicated by each spectrum. (A) VO,/TiO,(P25) with a surface
density of 0.40 V nm~2; (B) VO,/TiO»(P25) with a surface density of 0.74
V nm~2, The corresponding in situ Raman spectra of TiO»(P25) are sub-
tracted from the spectra obtained for the samples. Spectral recording
parameters: see the Fig. 2 caption.
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shows the evolution of the in situ Raman spectra obtained at
425 °C for the 0.40VTiO,(P25) and 0.74VTiO,(P25) samples
upon successive 20/'°0 isotope exchange cycles. The corres-
ponding in situ Raman spectrum obtained for pure TiO,(P25)
under flowing 20% O,/He is subtracted from the xVTiO,(P25)
spectra in each case. It is evident that a single isotopic band
splitting is observed for both samples, thereby pointing to a
mono-oxo termination configuration for the distinct mono-
meric Species-I and Species-1I. The slight red shift observed
for vy—o following the applied '*0/'°0 isotope exchange
cycles (i.e. 1022 — 1018 cm ™" for 0.40VTiO,(P25) and 1024 —
1020 cm™" for 0.74VTiO,(P25), Fig. 5(A) and (B)) is due to the
vibrational isotope effect addressed earlier for WO,/TiO, and
MoO,/TiO, catalysts.>’***® The red shift observed for the
V="%0 terminal mode is attributed to V-"°0-Ti — V-"*0-Ti
substitution, by means of which higher basicity (electron-
donating ability) is resulted for the *®0 atom of the anchoring
bridge due to the lowering of the O atom electronegativity.
Hence, a slight strengthening of the V-"®0(-Ti) bonds takes
place, in turn resulting in a commensurate weakening of the
unsubstituted V="°0 terminal sites.*"*”*° Importantly, as
seen in Fig. 5, the terminal V="°0 mode is already red-shifted
from the first '®0/"°0 cycle, thereby indicating that the
V-'°0-Ti — V-'%0-Ti substitution precedes the V="°0 —
v="%0 substitution.*"*""*°

A theoretical confirmation of the mono-oxo V=0 termin-
ation configuration for both distinct monomeric Species-I and
Species-II occurring in the dispersed VO, phase at low coverage
(0.40 and 0.74 V nm?) can be obtained by adopting the dia-
tomic model in the harmonic approximation and exploiting
the 1022 and 1024 cm™" values for the y—iso modes observed
(Fig. 5). On the ground of equal V="°0 and V="%0 bond
lengths and applying the isotopic ratio of 1.0452,”° the calcu-
lated wavenumbers for the isotopically substituted V="30
sites are 978 and 980 cm™' in perfect agreement with the
experimental observations of V="%0 band wavenumbers in
Fig. 5. A synopsis of the calculations is compiled in Table 2.

Additional evidence pointing to the mono-oxo termination
configuration for Species-I and Species-II comes from the
exploitation of their respective V=0 terminal stretching funda-
mental (Raman) and first overtone (IR) band wavenumbers.
Hence, since anharmonicity is accountable for observing the
V5o IR overtones, the following pertinent equations are con-
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sidered in the diatomic approximation:>”"*7>

W=0,1-0R) = @ey—0(1 — 2¥ey—0)

y=02—0(IR) = 2@ey—0(1 — 3¥ev—0)

where we yv—o is the V=0 stretching wavenumber corrected for
anharmonicity and y., v—o is the anharmonicity constant. By
substituting the observed vy—o,1or) and vy—o »—oar) cOUnNter-
part wavenumbers, the respective values for we v—o and ye v—o
are calculated and compiled in Table 2. Notably, the 6.3 x
107°-7.8 x 1077 values calculated for y. are very reasonable””
and justify the proposed mono-oxo configuration.
Significantly, a close inspection of the fundamental
(~985-1025 cm™') and overtone (~1960-2035 cm™') V=0
counterpart stretching regions of the Raman and FTIR spectra
in Fig. 2 and 3 does not provide evidence for the occurrence of
bands other than the already noted bands (I), (II) and double
band (III). Moreover, the approximate doubling of the bands’
distances in the FTIR overtone region does not reveal the pres-
ence of other bands that could arguably be assigned to the
antisymmetric counterparts of bands (I) and (II), thereby corro-
borating the proposed mono-oxo termination configuration for
Species-I and Species-II. Hence, to further strengthen the last
statement, a peak analysis of the V=0 stretching region is
undertaken for the in situ Raman spectra and for the
Raman spectra under forced dehydrated static equilibrium
conditions obtained for the low-loaded 0.40VTiO,(P25) and
0.74VTiO,(P25) samples and the results are shown in Fig. 6.
Notably, the TiO,(P25) background is subtracted from the
Raman spectra before undertaking the peak analysis. In all
cases displayed in Fig. 6, a very satisfactory deconvolution is
achieved that results in one single band for each of the
Species-I and Species-II and two components for Species-III.
Along the sequence of decreasing temperature, band (I) gains
intensity at the expense of the intensity of band (II). The inten-
sity of the double band feature (III) increases moderately upon
lowering the temperature (430 — 175 °C) in the in situ Raman
spectra (panels (A) and (C)), whilst it remains unchanged in
the Raman spectra under forced dehydration static conditions
(panels (B) and (D)). The occurrence of two components (of
which the one at a higher wavenumber is more intense among
the two) within the double band (III) in the stretching region
below 1000 cm™" implies the existence of a dioxo Species-III,

Table 2 Observed vibrational (Raman and FTIR) wavenumbers, vibrational isotope effects and anharmonicity parameters for VO, Species-I and

Species-Il for low coverage VO,/TiO,(P25) catalysts

V:160 V:180
Species (V nm™?) VR, v=0, 10 VIR, V=0, 20 e, v—0 Xe, v—0 Raman Calculated”
Sp.-1 (0.40) 1022 2031 1035 0.0063 978 978
Sp.-1(0.74) 1024 2034 1038 0.0068 980 980
Sp.-1I (0.40) 1013 2010 1029 0.0078
Sp.-1I (0.74) 1014 2012 1030 0.0078

“Based on the isotopic ratio of 1.0452.

This journal is © The Royal Society of Chemistry 2023
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(A) and (C) Sequential (430 — 250 — 175 °C) in situ Raman spectra obtained under flowing 20% O,/He at temperatures as indicated by each

spectrum for VO,/TiO,(P25) with surface densities of (A) 0.40 V nm™2 and (C) 0.74 V nm~2. Peak analysis is shown. The corresponding spectra
obtained for TiO,(P25) have been subtracted. (B) and (D) Sequential Raman spectra obtained at static equilibrium under po,, 300 k = 1 atm at tempera-
tures as indicated by each spectrum for VO,/TiO,(P25) with surface densities of (B) 0.40 V nm~2 and (D) 0.74 V nm~2. Peak analysis is shown. The
corresponding spectra obtained for TiO,(P25) have been subtracted. Spectral recording parameters: see the Fig. 2 caption.

of which the symmetric and antisymmetric modes are indeed
expected to be separated by 10-30 cm™".”*

3.1.4. Configuration and structural properties of dispersed
VO, sites. It has been demonstrated that a “completely de-
hydrated” VVO,/TiO, system is essentially an ideal approxi-
mation and would be stable at elevated temperatures only
under high vacuum.?***° Hence, the term “hydroxylated” has
been used to imply that H,O is a ubiquitous molecule even
under dehydrated feed conditions.?>*® Models of progressive
hydroxylation have indeed been validated both by experiment
and theory. Molecular Dynamics (MD) and Density Functional
Theory (DFT) studies'®?®?* have shown that absolute de-
hydrated dispersed vanadia may exist only under the ideal con-
ditions of complete absence of water. However, titania is
known to retain water molecules that can be formed by con-

Species—1I
(mono-oxo, (CNy=4))

i

v(V =0);=1023— 1024 cm™!

densation during the deposition of an oxo-metallic phase by
titration of its surface hydroxyls.”*=" A very well documented
DFT study has recently shown that the configurations of dis-
persed VO, sites on anatase are facet-dependent and that at
low coverage (ie. below 2 V nm™>) a prevalent tetrahedral
mono-oxo hydroxylated species occurs on the majority (101)
facet and a less abundant octahedral-like mono-oxo hydroxyl-
ated species occurs on the minority (001) facet.>® The results
of the present work are in full alignment with the theoretically
previewed scenario of the existence of distinct monomeric
species, namely a majority mono-oxo monomeric tetrahedral-
like Species-I1 with tetra-coordinated vanadium (CNy = 4) and a
minority octahedral-like Species-II with penta-coordinated
vanadium (CNy = 5). The proposed structural models for
Species-I and Species-II are shown in Fig. 7. The terms “tetra-

Species — II
(mono-oxo, (CNy=5))

£ |
¢ ¢ ‘

v(V = 0); = ~1013 — 1014 cm™!

Species — III (dioxo, (CNy=4))

v,(0=V=0);;=~995cm™

Fig. 7 Plausible structural models, V coordination and termination/configuration characteristics for Species-|, Species-Il and Species-IIl in mono-
nuclear representations. Gold spheres, V; red spheres, O; grey spheres, Ti. H atoms (white spheres) are included to account for hydroxylation (see

the text).
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hedral-like with CNy, = 4” and “octahedral-like with CNy, = 5”
are used to indicate that the proposed configurations are not
perfect, in contrast they are distorted. The apparently contra-
dictory “octahedral-like with CNy = 5” term implies the occur-
rence of a sixth O atom situated on the titania support at an
apical position ¢rans to the terminal O atom and perpendicular
to the distorted equatorial plane at a V-O distance that does
not justify bonding (e.g. 2.6-2.8 A).*

Species-I, VO,H, possessing a distorted tetrahedral VO, con-
figuration with one O atom offered by titania and a proton on
a V-O-Ti bridge (bridge bond protonation, V-OH-Ti), comes
out as the most stable V(v) species on the low coverage anatase
(101) facet from DFT studies based on a Genetic Algorithm”®
using an unbiased approach.?® Independently, DFT studies of
the structure and stability of monomeric HVO, species on
anatase® point to the same (Species-I) V(v) configuration as
prevailing on anatase (101). A “Species-I” configuration on the
anatase (101) facet has also been proposed very recently in
periodic DFT calculations’”” combined with 'V MAS NMR
measurements on low coverage VO,/TiO, catalysts that were in
agreement with the nuclear shield and chemical shift evalu-
ations for the VO,H/“Species-I” cluster model. Species-I, repre-
senting a V(v) cluster, has also been considered in Molecular
Dynamics calculations on the (001) anatase facet of vanadia—
titania catalysts at low loadings."®

Hence, band (I) observed at 1023-1024 cm™" in Fig. 2(A)
and 3(A) and band (II) observed at ~1013 cm ™" are respectively
assigned to the terminal stretching V=0 modes of the tetra-
hedral-like Species-I with CNy = 4, y(V=0);, and octahedral-
like Species-II with CNy, = 5, (V=0)y;. The higher wavenumber
value for y(V=0); is justified by the lower coordination
number for the V atom (CNy = 4 vs. CNy = 5). Interestingly,
higher wavenumbers of 1025 and 1027 cm™" are observed for
1(V=0) for the low-loaded samples with 0.40 and 0.74 V nm >
under forced dehydrated static equilibrium conditions (Fig. 2
(C) and 3(C)), where a lower extent of hydroxylation prevails
compared to the in situ conditions. The higher extent of
hydroxylation prevailing under in situ conditions results in a
downshift for the V=0 terminal stretching wavenumber due
to interactions with neighbouring hydroxyls, in agreement
with the theoretical calculations of harmonic vibrational
spectra.®

Structural changes upon cooling

The temperature-dependent features of the in situ Raman,
in situ FTIR and static equilibrium Raman spectra (Fig. 2 and
3) are suggestive of structural transformations for the VO,
species constituting the vanadia phase dispersed on
TiO,(P25). Water molecules retained by the titania surface get
activated by lowering the temperature in the 430-175 °C range
and mediate structural transformations. Experimental and
theoretical (Molecular Dynamics and DFT) studies show that
H,0 molecules, through dissociative adsorption, hydrolyse V-
O-Ti bonds.'®?°*° Hence, a progressive hydroxylation takes
place by lowering the temperature. Additionally, DFT studies
showed that at coverages below 0.8 V nm~> where the titania

This journal is © The Royal Society of Chemistry 2023
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surface is more exposed, hydroxyl formation on the carrier is
energetically favoured.?® In contrast, above 1.7 V nm >, theore-
tical calculations suggest that having a surface hydroxyl is less
stable compared to having a hydroxyl on a V-O-Ti site (e.g. V-
O(H)-Ti).>® Moreover, while molecular water adsorption is
favored on “clean” (101) facets, dissociative H,O adsorption is
favoured near vacancies on defective (101) facets.>

To gain insight into the hydroxylation mechanisms, the
spectral region of the surface hydroxyls is also explored. Fig. 8
portrays the temperature-dependence of the Raman spectra
obtained under forced dehydrated static equilibrium for the
low-loaded 0.40VTiO,(P25) and 0.74VTiO,(P25) samples in the
spectral region of the OH groups. The corresponding Raman
spectrum obtained for the TiO,(P25) support under static equi-
librium at 430 °C is included in each panel for comparison.
Four bands due to surface hydroxyls are observed at 3710,
3675, 3640 and 3540 cm™" for TiO,(P25), in agreement with a
recent report.”* The spectra in Fig. 8 confirm that a progressive
surface hydroxylation takes place upon lowering the tempera-
ture in the 430 — 250 — 175 °C sequence, thereby corroborat-
ing the aforementioned dissociative adsorption action of
water.

The following observations can be made in Fig. 2 and 3
upon lowering the temperature in the sequence 430 — 250 —
175 °C: (a) the intensity of band (I) is increased at the expense
of the intensity of band (II); (b) the band (III) doublet slightly
gains intensity relative to band (I) under in situ conditions
(Fig. 2 and 3, panels (A) and (B)). The pertinent structural
transformations accounting for these temperature-dependent
spectral changes are depicted in Fig. 9 (Schemes A and B).
Namely (Fig. 9, Scheme A), by lowering the temperature, a
water molecule gets activated and hydrolyses a V-O-Ti bond of
Species-II, thereby resulting in the formation of Species-I plus

(A) (B)
VOTIO, (P25) ' Voo, (P25)
0.40 Vinm? 0.74 Vinm?
P(0,) =1 atm 3640 P(0,)=1 atm (static)
3675
3675 > 3710
2 3710 ¢ 3540 % 3640 3540
n
S N -
430°C N £
ﬁ M//m Moo =
s P M g
§ [250°C_ N 5
© o
& i x
2 A e §l175°C
2 h7s°c, ! N £
? ] £
[ — El g
120 o N 5120 /
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L ' i ) .

3800 3600

Raman Shift, cm™

.
3800 3600 3400 3400

Raman Shift, cm™

Fig. 8 VO,/TiO»(P25) with surface densities of (A) 0.40 V nm~2 and (B)
0.74 V nm~2. Sequential (430 — 250 — 175 — 430 °C) Raman spectra at
static equilibrium under po, 300 kK = 1 atm at temperatures as indicated
by each spectrum. Each panel includes the Raman spectrum of pure
TiO,(P25) at 430 °C as a reference. Spectral parameters: Ao = 532.0 nm;

laser power, w = 15 mW; resolution, 2 cm™.
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molecules, shown in one step.

two surface hydroxyls. Hence, band (II) is attenuated and band
() gains intensity and appears sharper (Fig. 2, 3 and 6).
Concomitantly, hydroxyl bands emerge in the respective spec-
tral region (Fig. 8). Subsequent hydrolysing action on Species-I
(favoured in the 250-175 °C range) results in the formation of
Species-III plus two surface hydroxyls (Fig. 9, Scheme B).
Importantly, as seen in Fig. 2, 3 and 8, upon heating up to
430 °C, the initial (i.e. before cooling) spectral features are
fully reinstated, thereby evidencing that the observed struc-
tural changes are reversible. Moreover, no evidence limiting
the observed effects was found when repeatedly cooling and
heating the samples. Notably, the structural and configura-
tional transformations shown in Fig. 9 are in full conformity
with the corresponding temperature-dependent observations
in Fig. 2, 3, 6 and 8.

Previously,”® multiple V=0 terminal stretching modes (at
wavenumbers that are in agreement with the values reported
in the present work, see e.g. Fig. 7) have been observed
for VO,/TiO,(anatase, A), VO,/TiO,(rutile, R) and VO,/
TiO,(brookite, B) catalysts, implying the occurrence of Species-
I, Species-II and Species-1II at varying proportions depending
on the titania polymorph. Significantly, adopting the species
notation of the present work, a larger extent of Species-II pres-
ence was found for VO,/TiO,(R) compared to VO,/TiO,(A).
Interestingly, the extent of the presence of Species-II for VO,/
TiO,(P25) in the present work (containing typically 80%
anatase and 20% rutile) is graded as intermediate to the

7504 | Dalton Trans., 2023, 52, 7495-7511

corresponding states for VO,/TiO,(A) and VO,/TiO,(R) reported
in ref. 78.

3.2. VO,/TiO,(P25) catalysts with intermediate and high cov-
erage. Vibrational (Raman and FTIR) spectra and structural/
configurational characteristics

At intermediate (i.e. 1.1 and 2.0 V nm~?) and high (4.0 and 5.5
V nm™?) coverage, the VO, sites constituting the dispersed
vanadia phase also occur in associated configurations posses-
sing V-O-V linkages resulting in increased (VO,), domain size.
While surface hydroxyls with high basicity are titrated first in
the initial deposition steps, hydroxyls of moderate basicity are
also being titrated and come progressively into play as recep-
tors of deposited VO, units with increasing coverage. Lower
basicity for oxygen in a Ti-O-V anchoring site implies (accord-
ing to the valence sum rule) a slightly stronger terminal
stretching V=0 bond and a commensurate blue shift for
y(V=0) with increasing coverage, as shown in Fig. 4.
Moreover, an increase in the domain size induces a vibrational
coupling mechanism between V-O- and V=O vibrations,
thereby resulting in wavenumber shifts and intensity altera-
tions for V=0 modes.”® Additionally, as discussed in the
context of Fig. 4, the increase in coverage is connected with
the emergence and gradual prominence of the very broad
feature in the 915-930 cm™' range ascribed to O-V-O and/or
V-O-V functionalities. Hence, as shown in Fig. 10-13, the
Raman spectra obtained for VO,/TiO,(P25) samples with cover-

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 VO,/TiO,(P25) with a surface density of 2.0 V nm~2: (A)—(C) see the caption to Fig. 2. Spectral recording parameters: see the Fig. 2 caption.

age in the 1.1-5.5 V nm™> range exhibit broad continua
without perceptive components that tend to prevail with
increasing coverage. In particular, for samples with high cover-
age (ie. 4.0 and 5.5 V nm %) the broad feature centred at
~930 cm™" (Fig. 12(A) and 13(A)) obscures the region of band

This journal is © The Royal Society of Chemistry 2023

(II1) and significantly perturbs the band shapes in the V=0
stretching region of bands (I) and (II). In contrast, the counter-
part in situ FTIR spectra do not display any features in the
respective overtone 1800-1850 cm™ " region, thereby indicating
that the O-V-O and/or V-O-V modes are infrared silent.
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Fig. 12 VO,/TiO,(P25) with a surface density of 4.0 V nm~2: (A) and (B)
see the caption to Fig. 2. Spectral recording parameters: see the Fig. 2
caption.
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Fig. 13 VO,/TiO,(P25) with a surface density of 5.5 V nm~2: (A) and (B)
see the caption to Fig. 2. Spectral recording parameters: see the Fig. 2
caption.

Consequently, the overtone components of the double band
(I11) are clearly discerned in the pertinent in situ FTIR spectra.
Interestingly, the reversible temperature-dependent struc-
tural/configurational transformations pertaining to Species-I,
Species-II and Species-III established for samples with low cov-
erages of 0.40 and 0.74 V nm™?> are also evidenced for inter-
mediate and high coverage from the Raman and FTIR spectra
shown in Fig. 10-13, without any spectral evidence in contrast.
Namely, when the temperature is lowered in the sequence
430 — 250 — 175 °C, the vibrational spectra obtained for
1.1VTiO,(P25) and 2.0VTiO,(P25) under in situ (Raman and
FTIR, Fig. 10(A), (B) and 11(A), (B)) and static equilibrium
(Raman, Fig. 10(C) and (C)) conditions invariably show that
band (I) initially gains intensity at the relative expense of band
(I) and band (III) is relatively strengthened in the lower temp-
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erature region. For samples with coverages of 4.0 and 5.5 V
nm 2, while the in situ Raman spectra (Fig. 12(A) and 13(A))
are dominated by the broad continuum centered at ~930 cm™*
ascribed to O-V-O and V-O-V modes, the in situ FTIR spectra
in the overtone region clearly show the aforementioned identi-
fied band intensity changes that follow the lowering of the
temperature. Worth mentioning is also the observation of a
shoulder component at the high wavenumber wing of band (I)
in the Raman and FTIR spectra obtained for samples with
high coverage (at ca. 1035 and 2045 cm ™", respectively, Fig. 12
and 13), which is attributed to the vibrational coupling
between V-O- and V=0 bonds (vide ante). Significantly, the
spectral changes taking place when cooling the samples in the
430 — 250 — 175 °C sequence are fully reversible, i.e. when
reheating the samples to 430 °C, the catalyst molecular struc-
ture is reinstated and the initial spectrum at 430 °C is repro-
duced in each case (see Fig. 10-13).

Hence, although multiple association steps may have
resulted in two-dimensional polymeric (VO,), domains at
intermediate and high coverage, it turns out that Species-I,
Species-II and Species-III constitute the basic building units of
the dispersed vanadia phase by maintaining their principal
configurational characteristics (i.e. coordination number of the
V atom and termination configuration).

3.3. Implications for reactivity and catalysis

Numerous theoretical and experimental investigations have
focused on key fundamental mechanistic aspects and/or
attempted to identify active sites and reveal their roles in cata-
Iytic reactions involving vanadia-titania catalysts. Importantly,
many questions remain open, in part due to the complexity of
the structural characterisation of the dispersed vanadia phase.
The aim of the present work was an in-depth characterisation
of the molecular structure of the (VO,), phase dispersed on
titania (P25). Hence, one cannot directly propose new insight
or suggestions for revealing the mechanisms in catalytic reac-
tions involving VO,/TiO, catalysts. However, significant new
insight is gained into the structural characterization of the VO,
sites constituting the vanadia phase dispersed on titania.
Determining which of the species present constitute the active
phase remains a formidable challenge, given that several
species may be present as spectators and that the majority of
species are not necessarily the active sites. A discussion on
reactivity issues can, however, be provided.

With reference, e.g. to the NH3;-SCR of NO, ie. the widest
application of vanadia-titania catalysts, it is well established
that higher SCR activity is obtained at high vanadia coverage
where polymeric species prevail and V centers occur at adja-
cent sites. However, approaching the integral catalyst function
through understanding the catalytic behaviour of mononuclear
VO, sites has also gained focused attention.?*~%?

The results of the present investigation show that at low
coverage (i.e. <1 V nm?) isolated VO, sites occur in the form
of three distinct configurations: (a) Species-I, of mono-oxo dis-
torted tetrahedral-like arrangement with CNy, = 4; (b) Species-
II, of mono-oxo distorted octahedral-like arrangement with

This journal is © The Royal Society of Chemistry 2023
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CNy = 5; and (c) Species-III, of di-oxo arrangement with CNy, =
4. Interestingly, the results obtained for coverages in the
1.1-5.5 V nm™> range show that the polymeric dispersed
vanadia phase consists of building units possessing the
characteristics of Species-I, Species-II and Species-III.

A consensus on a number of redox processes is that among
the three types of V-O bonds (terminal V=0, anchoring V-O-
Ti and bridging V-0-V) the anchoring V-O-Ti site prevails as
governing the catalytic performance. In the past, the relevance
between V=0 sites and the catalytic activity of titania-sup-
ported vanadia had been claimed for o-xylene oxidation,®?
whilst subsequently controverted'> when evidence was pro-
vided that V-O-support functionalities are the active sites for
hydrocarbon oxidation reactions.

Significantly, theoretical (DFT) and experimental (EPR)
investigations®® have shown that the VO, site involved in the
redox SCR mechanistic cycle maintains its V=0 termination
with V changing between the +5 and +4 oxidation states.”?
Moreover, the reactivity of Ti-O-V sites is linked to the cata-
lytic activity because the reduction step was found to involve
adjacent Ti-O-V sites.?°

Studies'*'®#*"%¢ on methanol and alkane ODH processes
also showed V=0 bond stability and ruled out the partici-
pation of V=0 in pertinent reaction pathways. Additionally,
focusing on the ethanol ODH, the oxygen on the V-O-V brid-
ging sites has been shown to be irrelevant to the intrinsic cata-
lytic activity, suggesting that the presence of these functional-
ities is not a controlling factor for partial oxidation pro-
cesses.’” On the other hand, the claim that the oxygen associ-
ated with the V-O-support site is the critical site for a number
of ODH processes is sustained.®>®®

The present work underlines the promoting role of the V-
O-Ti functionalities in the species transformation mechanism
(reactivity to retained surface water), when the V=0 bond
appears unreactive at high temperature under dehydrated feed
conditions and forced dehydrated conditions. The argument
for the V=0 bond stability is further strengthened by the
slower '®0/*®0 isotopic substitution of the terminal oxygen
site compared to the one on the V-O-Ti linkages (see Fig. 5(A)
and (B)). The last is affirmed by the slight red shift of the
V="%0 mode during the first '*0/*°0O exchange cycles, which
indicates that the initiation of the isotope exchange takes
place on the V-O-Ti linkages followed by a subsequent '*0
substitution on the V="°0 sites, according to the next-nearest-
neighbor vibrational isotope effect.*'*”>°

The present work provides clear evidence that the dispersed
vanadia phase is heterogeneous and that among the structural
units dispersed in titania Species-II (i.e. the mono-oxo dis-
torted octahedral-like unit which is proposed to exist in (001)
facets®?), although being a minority species, it has the highest
reactivity to water molecules that are retained on the surface
and become activated when lowering the temperature (vide
ante). The V-O-Ti sites of Species-II are hydrolysed with higher
priority upon cooling from 430 to 250 °C, thereby implying
different reactivity of the anchoring V-O-Ti functionalities of
Species-I and Species-II.

This journal is © The Royal Society of Chemistry 2023
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Previous studies®®’ on the activity of supported vanadia
catalysts in alkane ODH and methanol ODH processes had
also focused on the relationship between the activity and
the electronegativity of the support cation by investigating
different supports and exploring pertinent support effects on
structure-activity relationships.’® It has been suggested that
low support cation electronegativity implies higher reactivity of
oxygen along V-O-support linkages in the redox processes
investigated.

In synopsis, while the implication of the present work on
catalysis is by nature indirect, insights into the structural pro-
perties of the dispersed VO, phase and into the reactivity of V-
O-Ti sites could contribute to the discussion on structure-
function relationships for several catalytic processes benefited
by titania-supported vanadia catalysts.

4. Conclusions

In synopsis, molecular vibrational spectroscopy is used to
achieve progress in the characterisation of the molecular struc-
ture and configuration of VO, sites dispersed on TiO,(P25). In
situ (Raman and FTIR) spectroscopies (the former complemen-
ted also by ®0/'°0 isotope exchange) under dehydrated feed
conditions as well as static equilibrium Raman spectroscopy
under forced dehydrated conditions are exploited. The dis-
persed vanadia phase is found to be heterogeneous, consti-
tuted of three distinct VO, species/units, of which the relative
presence is found to be temperature-dependent. Species-I with
a mono-oxo distorted tetrahedral configuration (CNy = 4) is the
majority species. Species-II with a mono-oxo distorted octa-
hedral configuration (CNy = 5) and Species-III with a di-oxo
configuration are the minority species. When lowering the
temperature from 430 to 250 °C, water molecules retained by
the surface mediate reversible structural transformations
according to Species-II — Species-I and with further lowering
(from 250 to 175 °C) according to Species-I — Species-III. The
mechanism of the structural transformations is the hydrolysis
of the V-O-Ti sites resulting in hydroxylation as evidenced
also by the Raman spectra obtained in the hydroxyl region.
Species-II with a mono-oxo distorted octahedral (CNy = 5) con-
figuration exhibits the highest reactivity.

For low coverages (up to 0.74 V nm?), the dispersed
vanadia phase consists almost exclusively of isolated (mono-
meric) VO, sites (Species-I, Species-II, Species-III). Whereas for
coverages above 1 V nm™? a gradual polymerization takes place
through V-O-V linkages, the basic geometric characteristics of
the VO, building units constituting the (VO,), polymeric
domains maintain the configurations of Species-I, Species-II,
and Species-III.

Different extents of hydroxylation are evidenced when com-
paring the results obtained under in situ dehydrated feed con-
ditions and static equilibrium forced dehydrated conditions.
The forced dehydration procedure preceding the sample prepa-
ration for the Raman study under static equilibrium limits the
temperature-dependent structural transformation effects due

Dalton Trans., 2023, 52, 7495-7511 | 7507
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to the higher extent of dehydration achieved, also confirmed

by

a slightly higher wavenumber for the 1y,—o mode. The

present study confirms that the fully dehydrated state for dis-
persed vanadia is only an ideal approximation occurring poss-
ibly only in the complete absence of water (e.g. under vacuum).
The results contribute to a close focus on insight that improves
the understanding of the molecular structure of the VO, phase
dispersed on titania.
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