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Abstract: Vanadia/titania catalysts were synthesized by the equilibrium deposition filtration (EDF)
method, which is a synthesis route that follows a molecular-level approach. The type of interfacial
deposition as well as the interfacial speciation of the deposited oxo-V(V) species were determined
by means of a model that takes into account experimental “proton-ion” curves and “adsorption
edges”. It is shown that at pH > 9.5, the deposition proceeds exclusively through the formation of
mono-substituted inner sphere monomeric species in an “umbrella”-like Ti-OV(OH),O configuration,
whilst with lowering of the pH, a second species, namely the disubstituted inner sphere quadrameric
species in a (Ti-O); V401 configuration possessing two mono-oxo V=0 and two di-oxo V(=0),
terminations gradually prevails, which is in co-existence with the monomeric species. Raman
spectroscopy is used for verifying the solution speciation, which is different compared to the interfacial
speciation of the deposited oxo-V(V) species. Furthermore, in situ Raman spectroscopy was used to
verify the model-predicted interfacial speciation of the deposited oxo-V(V) species and to monitor the
temperature-dependent evolution up to 430 °C. Hence, a controlled formation of a specific vanadia
species on a titania surface is enabled, which, depending on the synthesis conditions, can result in
specific catalyst characteristics and thus possibly different catalytic behavior for a specific reaction.

Keywords: vanadia/titania; supported transition metal oxide catalysts; vanadium oxide; titanium
oxide; advanced synthesis; Raman spectroscopy

1. Introduction

Supported vanadium oxide catalysts are among the most widely studied functional
materials for several catalytic applications [1]. More specifically, vanadia supported on
titania catalysts is a very important material for many industrial processes, including
those of environmental interest. It is worth mentioning dehydrogenation reactions [2-5],
oxidation processes [6—11], water treatment through photocatalysis [12,13], and electro-
catalysis [14]. However, the technology in which these catalysts are widely used is the
selective catalytic reduction (SCR) of NOy, using mainly NHj as a reductant. It is a well-
established technology for the after-treatment control of the emissions of NOy formed
during combustion in both mobile sources (e.g., diesel engines) and stationary sources
(e.g., power plants) [15-18]. Moreover, in the last few years, a new challenging trend is the
use of these catalysts for the abatement of multi-pollutants, including NOy, in the flue gas
pollution control technology [19,20].

Although the VO /TiO; catalytic system has been studied extensively in the past [21-23],
the research effort to improve the efficiency of the SCR process over these catalysts is still of
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great topical interest, since the legislation becomes increasingly stricter, requiring emission
control of NOx due to their very negative impact on the environment through to smog
formation, acid rain formation, and depletion of the ozone layer. Moreover, their use for
both stationary and mobile sources with different characteristics and requirements has
kept the scientific research interest for these catalysts at a very high level, despite their long
history [21,22,24]. The research effort is directed to the development of catalysts with high
SCR efficiency, broad operation temperature window, superb durability, hydrothermal
stability, and high resistance against SO, /alkali/heavy metals [21,22]. To achieve these
goals as well as fully elucidate the SCR mechanism, the scientific community strives for
structure—reactivity relationships by focusing on the study of the structural properties of the
active sites [25-29], tries to find the optimum surface density of vanadium [30], synthesizes
binary systems concerning either the active phase (VOy) or the support (TiO;) [18,31-34],
dopes the support [35], synthesizes metal vanadates [36], and tries to find the optimum
thermal treatment of the catalysts [37] etc.

It is generally agreed that a very crucial factor in the SCR process (as well as in the
other above-mentioned catalytic processes) is the identification of the vanadia active site,
which, despite the extensive research, is still under debate. In order to reach this target, one
has to begin from the first stage of the whole process, namely the catalysts synthesis. Two
main routes are followed toward this direction: the use of model systems that provide full
catalytic functionality but exhibit reduced chemical complexity [25-28,38,39] and the prepa-
ration of tailor-made catalysts using advanced synthesis methods [3,4]. The present study
belongs to the second context. The superior efficiency of vanadia/titania catalysts prepared
by advanced synthesis methods compared to the conventional ones has been reported re-
peatedly in the literature [18,21,34,40]. Moreover, excellent reviews and book chapters have
been published on this subject, showing how the more sophisticated synthesis methods of
supported catalysts can help us rationalize their synthesis, improve their efficiency, and
control the formation of their active sites [41-48]. In this context, in the last years, we have
developed supported transition metal catalysts through a molecular approach, using the
equilibrium deposition filtration method (EDF), in order to fully control the impregnation
step and specify the transition metal ionic species deposited on the support surface [49-53].
The present study is concerned with an effort to follow the formation of the vanadia site
from the first to the final step of the catalyst synthesis procedure using the EDF method.
To this end, the interfacial deposition process of the vanadates on titania (taking place in
the impregnation step) is modeled based on experimental results, and the model results
are verified by Raman spectroscopy, which is known as a powerful tool for elucidating
the structural information of supported metal oxides and has been used extensively for
studying vanadia SCR catalysts at the molecular level [54-63].

Hence, in the present work, first, the speciation of the oxo-V(V) species in the precursor
impregnation solutions is determined in conditions relevant to the follow up impregnation
step by means of a model taking into account pertinent experimental information, and
the precursor solution speciation is verified by Raman spectroscopy. Secondly (and more
importantly), the type of interfacial deposition of oxo-V(V) species at the interface between
TiO,(P25) and the precursor electrolyte solution is investigated and a prediction of the
interfacial speciation of deposited oxo-V(V) species is reached based on experimental results
previously reported [64]. Then, in situ Raman spectroscopy is used for verifying the
interfacial speciation of the as-prepared by the EDF method wet HgVxOy? ~ /TiO; pastes and
for monitoring the temperature-dependent evolution of the V(V) species at temperatures
up to 430 °C.

2. Results and Discussion
2.1. Solution Speciation of Vanadates

Aqueous solutions of vanadium contain a variety of vanadium species (vanadates),
such as monomers, quadramers, quintamers, decamers, etc., depending on the conditions.
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Figure 1. Structure of (a)
NaHV(O55%~) vanadates.

Figure 1 shows the schematic representation of the structures of some representative
vanadates.

(b)

the monomer HyVO, ™, (b) the quadramer (V4012%7), and (c) the decamer (HV;9O,5°~ or

Using Visual MINTEQ [65], the solution speciation of V(V) was determined under
conditions identical to those of the deposition experiments (adsorption edges). Table 1
gives the equations of the mass action law of the main species of vanadium used by the
aforementioned computer program.

Table 1. The main V(V) oxo-species present in solution in the pH range 4-10, the solution components
of the formation reactions, the exponential values for these components, and the values of the
corresponding formation constants.

Vanadium Species Solution Components logK
- HVO?~ H* Na* H,0
H,VO, 1 1 0 0 8.75
H,V,0%~ 2 2 0 -1 19.8
\e 4 4 0 —4 42.6
HV19055 10 15 0 -12 1415
NaHV;oO35 10 15 1 ~12 143.68

The concentration [S] (mol/L) of each species, compiled in Table 1, is calculated by
reading the table horizontally and using the general Equation (1).

[S] = 108K T[Cy)"™ 1)
k

Cy is the concentration of a solution component (HVO42~, H*, Na*, H,0) illustrated
in the first series of the table. The value of the exponent, 1y, for each component is given
in Table 1. To calculate the concentrations of all V(V) oxo-species, at each value of the
solution parameters, we entered in the computer program (Visual MINTEQ) the values of
pH (4-10), the total concentration of V(V) (2 x 1072 M, 3 x 1073 M and 6 x 10~3 M), as
well as the ionic strength of the solution (I = 0.1 N). The program solved the equations in
Table 1 by incorporating the values of the constants of the species (logK) from the literature
as well as the mass balance equations for each component shown in Table 1. The results
are presented in Figure 2a,b as a double diagram. In the left diagram, the variation of
the concentration ([S] (mol/L)) of the main vanadium species with the pH is presented,
whereas the right one presents the distribution of total vanadium among the different
species in the solution. The two diagrams are equivalent. Corresponding diagrams for two
lower total V(V) concentrations are given in the Supplementary Materials (Figure S1).
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Figure 2. (a) Variation of the concentration, [S] (mol/L), of the main vanadium species with the pH, and (b) the distribution
of total vanadium among the different species in the solution (Cy = 0.02 M, I = 0.1 M NaNO3).

Figure S1 shows that vanadium is present almost exclusively in the form of monomers
at low total V concentrations (0.003 M and 0.006 M) and high pH values (>9). At such
high pH values, quadramers also have a significant presence at high total V concentrations
(i.e., 0.02 M) (Figure 2). On the contrary, at low pH values (<5) and in the whole V
concentration range studied, vanadium is mainly present in the form of the decamers
(Figure 2 and Figure S1). The speciation is more complicated at the intermediate pH
range (5-9). Vanadium is mainly distributed among the monomers, the dimers, and the
quadramers, with much less contribution of the quintamers. As the total V concentration
increases, the concentration of the quadramers increase at the expense of that of the
monomers and dimers (Figure 2 and Figure S1).

2.2. Kinetic Results

The results of the kinetic experiments are shown in Figure 3. We can conclude that
regardless of pH, either at pH where the surface is positively charged (4.0), at pH where
it is negatively charged (9.0), or at pH that is almost neutral (6.5), a very fast adsorption
process takes place which is accomplished within the first 5 min. The above show a very
strong chemical affinity between titanium oxide and vanadates.

0.008
—H8— pH=9
—4&— pH=6.5
0.006 -|
—A— pH=4
°
£ 0.004 |
=
>
o
|
0.002 -| —a
*———y o .
A A A A
0.000 T T T T T T T T T T T T T
0 20 40 60 80 100 120
t/ min

Figure 3. Kinetic curves of deposition of V on the titania surface at three different pH values of the
impregnation solution and total V concentration equal to 6 x 1073 M.
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2.3. Modeling the Deposition of Vanadates on Titania Surface

The modeling of the deposition of vanadates on the titania surface was based on a
picture for the “titania/electrolyte solution” interface obtained from a previous work [66].
More specifically, the modeling adopted the values of the surface ionization constants of
titania and the parameters of the “titania/electrolyte solution” interface in the absence of
the vanadates. These can be found in Table Al. Upon modeling, the adjustable parameters
of the simulation were the type of the adsorption or reaction processes involved in the
deposition, the formation constants of the deposited V(V) oxo-species, and the charge
distribution of these species at the various planes of the interface [66]. The full set of the
equations adopted in the modeling can be found in Table A1.

The first step of the modeling process was the simulation of the “proton-ion” data.
The “proton-ion” curves are linear plots of the “amount of the H* ions adsorbed versus
the amount of the V deposited” at constant pH and under conditions favoring complete
deposition of the V(V) oxo-species at the titania surface. The last can be achieved by
working at too low V concentrations and a very high solid/solution ratio [41,49,64]. A
successful fitting of these curves is only possible if the right deposition mechanism is
adopted in the simulation [49-53]. This is the case in Figure 4. Similar fits have been
achieved for all pH values (see Figure S2 in the Supplementary Materials).

1.4 pH=5

1.2 calculated

B experimental

1.0+
0.8

0.6 -

H* adsorbed / pmol m?

0.4

0.2

0.0 L e e B B e Y
00 041 02 03 04 05 06 07 08 09
V(V) deposited / pmol m?

Figure 4. Amount of the H+ ions adsorbed vs. the amount of the deposited V(V) for various pH
values. Points represent experimental data and solid lines correspond to calculated curves on the

basis of the deposition mechanism finally adopted in the simulation.

The very good fitting of the “proton-ion” curves allowed the elucidation of the de-
position mechanism of vanadates on titania surface, at too low V concentrations. This
mechanism is described by Equilibria (2) and (3), which involve only vanadium monomers,
since only these species are present in solutions of too low concentrations.

TO ¥ +2HT +H,VO;, pix TiOV(OH),0 "%+ H,0 ()
K
2TIO 935 + 4H™ + H,VO, ¥ (TiO),V(OH), ™ + 2H,0 ©)

According to these equilibria, the monomers HyVO,; ™~ are deposited on the terminal
hydroxyls of titania, forming mono-substituted and disubstituted inner sphere complexes.
A schematic representation of the structures of the deposited species is illustrated in
Figure 5. The anatase (1 0 0) crystal termination, one of the two majority crystal faces of
anatase, has been chosen to exemplify these structures. Similar pictures may be obtained
by considering the other majority crystal termination of the anatase (1 0 1).
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Figure 5. Local structures of the deposited V monomers on the (1 0 0) crystal termination of anatase.

The second step of the modeling process comes from a logical question raised at this
point. This is whether the deposition process may be described exclusively by Equilibria (2)
and (3) even at high V solution concentrations. In order to answer this question, we tried
to simulate the adsorption edges, which cover a broad range of pH and V concentrations.
The model curves failed to fit the experimental data. Thus, we forced to take into account
all the vanadates present in the impregnation solutions (Figure 2). The best fit of the model
curves to the experimental data is presented in Figure 6.

1.2 1

1.0 +

-2

0.8

0.6

logl / pmol m

A A A A A A A A
0.4 -
|C,=3x10° M 4.

0.2 A

0.0

3 4 5 6 7 8 9 10 1
pH

Figure 6. Adsorption edges of V(V) on titania, at three different V concentrations (points represent
experimental data, whereas solid lines correspond to calculated (model) curves).

This fit was achieved by considering Equilibrium (4), in addition to (2) and (3), which
were adopted previously for the deposition of the monomers.

K
2TIO~ "B H4H ' +V,0%, < (Ti0), V40107 +2H,0 )

According to this equilibrium, the deposition of vanadates on the titania surface takes
place via the formation of a disubstituted inner sphere complex between two terminal
hydroxyls of the titania surface and one quadramer ion. The structure of this complex on
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the anatase (1 0 1) crystal termination, one of the two majority crystal faces of anatase, is
illustrated in Figure 7. A similar picture may be obtained by considering the other majority
crystal termination of the anatase (1 0 0). It should be mentioned that according to the
simulation results, the contribution of the other vanadates in the deposition of V on the
titania surface is negligible. A last observation concerning the deposition is that according
to Figure 6, vanadates are strongly adsorbed on the titania surface even at pH values
where the surface is negatively charged. It is noteworthy that up to pH = 8§, there is no pH
dependency of the extent of deposition and such a lack of dependency is extended up to
pH =10 at a high total V concentration. This is in full agreement with the kinetic results,
which pointed out a strong chemical affinity between titanium oxide and vanadates. This
strong interaction leads to vanadia/titania catalysts with high dispersion of the vanadia
phase and stable bi-dimensional vanadia structures. The latter will be also verified below
by a detailed Raman spectroscopy study.

Figure 7. Local structure of the deposited V quadramers on the (1 0 1) crystal termination of anatase.

2.4. Determination of the Interfacial Speciation of Vanadates Adsorbed on Titania Surface

The successful fitting of the model curves to the experimental data by means of the
deposition model (Figures 4 and 6) allowed the calculation of the values of the formation
constants, K71, Kr2, and Kr3, of the deposited monomers and quadramers (see Equilibria
(2)—(4) and Table A1). This allows us to calculate the interfacial speciation for any value
of the main impregnation parameters, namely for any value of pH and V(V) solution
concentration. Thus, the knowledge of the interfacial speciation is the key for depositing
not only the desired amount of the total V on the titania surface but, in addition, the desired
relative amounts of the V(V) oxo-species. Therefore, it is a very effective tool for obtaining
a thorough control of the impregnation step and performing the catalyst synthesis on
the basis of a molecular approach. In order to render this speciation more useful from
the standpoint of catalyst synthesis, we have expressed it as the percentage of the V(V)
deposited as a certain V(V) oxo-species. In Figure 8, the interfacial speciation of V(V) on
titania, over the entire pH range studied, is illustrated as an example.
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Figure 8. Variation of the percentage of V deposited as a specific species with the pH of the impreg-
nating solution. The various deposited V(V) oxo-species are indicated.

It can be previewed that at very high pH values (>10), vanadium is deposited on
the titania surface exclusively as monomers. Amongst the two monomers, the mono-
substituted inner sphere complex TiOV(OH),0 is by far the prevailing species. As the pH
decreases, the contribution of quadramers on the deposition of V(V) on titania becomes
more and more significant. At a pH value ~8.5, half of the deposited V is in the form of
monomers, while the other half is in the form of quadramers. At pH values lower than
6, quadramers are the prevailing species containing ~70% of the deposited vanadium. A
comparison of Figure 8 with Figure 2f shows that the titania surface exhibits a preference
for adsorbing monomers. In the intermediate pH region (6-8), Figure 2f shows that V
is mainly in the form of quadramers in the solution. However, Figure 8 shows that at
the same pH region, a significant portion of the deposited V is in the form of monomers.
Moreover, at low pH values (<6), Figure 2f shows that the predominant species in the
solution are the decamers, whereas at the interface (Figure 8), V can be found mainly
in the form of quadramers and monomers. The absence of decamers at the interface
(although predominant in the solution) will be further examined and verified by laser
Raman Spectroscopy. It should be mentioned that the preferential adsorption of monomeric
species on titania in a wide pH range has also been observed in the deposition of other oxo-
anions of transition metals, such as tungstates [53], molybdates [49], and chromates [50].

2.5. Raman Spectroscopy
2.5.1. Solution Speciation of Vanadates

As discussed above, the oxovanadate species possibly formed in aqueous solutions
include HVO427, H,VO,~, H2V20727, V401247, V501557, HV1002857, and NaHV1002847 .
Considering the above species with their respective formation constants, the solution
speciation of the oxo-V(V) species was determined for various initial concentrations of
V(V), Cy(v)total, in the pH range 104 (vide ante, Section 2.1, Figure 2). Figure 2e,f shows
the pertinent results for Cy ()it = 0.02 M, which is of direct relevance to the conditions
used for the equilibrium deposition of the vanadate species for preparing the samples
studied by Raman spectroscopy. Briefly, the model results show that for pH = 10, the
monomeric tetrahedral vanadate in protonated HVO42~ and/or H,VO,~ (Figure 1a) form
is almost exclusively present, whilst for pH = 9, a significant portion of vanadium occurs
in the form of the tetrameric V401%™ species (Figure 1b) with di-oxo O=V=0 termination
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configuration and fourfold coordination for each V atom. Species V401,*~ prevails in the
pH region 9-6.5, whereas for pH < 6, the decavanadate polymeric species HV19O,5°~ and
NaHV;9Ops*~ gradually prevail and become predominant for pH = 5-4. The V100080~
anion consists of corner sharing VOs and VOg units and possesses eight terminal O atoms
in mono-oxo V=0 termination configurations. Two of the VO¢ units do not contain terminal
O atoms (Figure 1c).

The tetrahedral (T;) VO4°~ ion has four vibrational modes that span the following
irreducible representation:

Loip = A1(v1) + E(v2) +2F2(v3 + v4). )

Only the F» modes are IR allowed, whereas all modes are active in the Raman spectrum.
Based on the usual weak-couplings approximation, modes v1 and v3 are stretchings and
modes 1, and vy are bendings. Typical wavenumbers for the free ion in aqueous solutions
are reported as follows [67]: v1(A;) ~ 826 cm ™!, v5(E) ~ 336 cm™ !, 13(F,) ~ 804 cm™!,
and v4(F,) ~ 336 cm~!. However, protonation and interionic interactions are expected to
perturb the bond strengths and shift the observed modes.

Figure 9 shows the Raman spectra obtained for the V(V) precursor solutions with
initial concentration Cy vttt = 0.02M and pH in the range 10-4. The spectra can be
fully interpreted by following the solution speciation previewed by the model (Figure 2e,f)
and the pertinent literature. Hence, at pH = 10, the displayed stretching region exhibits a
broad band centered at 868 cm ™! (possessing also a low wavenumber weak component)
that represents the symmetric stretching of the monomeric VO, units of the HVO,?~
(HOVO3%~) and H,VO,~ [(HO),VO, ] species. The blue shift of the 868 cm™! compared to
the indicative 826 cm~! value reported for the free VO,3~ ion is attributed to strengthening
of the terminal V-O bonds resulting from the distancing of the protonated O atoms of
the V-OH terminations. The respective antisymmetric mode is obscured under the low
frequency wing of the 868 cm~! band. At pH = 9 (spectrum Figure 9b), the 868 cm ™! band
due to VO is diminished, and a band at 946 cm ! assigned to the V4010%~ ion emerges
and prevails, as suggested also by the speciation previewed by the theoretical model
(Figure 2e,f). In particular, Figure 2f that shows the model predicted speciation expressed
in terms of %V is more appropriate for following the relative intensities of the bands in the
Raman spectra shown in Figure 9 because it reflects the relative number of V-O vibrators
(scatterers) contributing to the intensity of each observed Raman band. The structure of
the V4O1p%~ tetramer ion is characterized by the di-oxo O=V=0 termination configuration
and tetrahedral coordination for each V atom, which is similar to the respective structural
characteristics of the metavanadate chain, (VO3),"~. The observed 946 cm~! band position
agrees with the 936 cm ! observed for molten NaVO; [64] and is assigned to the symmetric
stretching, vs, of the di-oxo V(=0O); unit. The antisymmetric counterpart mode, vy, is
obscured by the low-frequency wing of the symmetric mode, thereby resulting in an
asymmetric shape for the 946 cm~! band, which is much clearer at pH = 8 (Figure 9c),
where the additional display of the Raman spectrum obtained with the VH configuration
allows the exclusive presence of the v;s mode at ~915 cm L. The behavior is similar to the
Raman spectra obtained for molten NaVOs [68].

At pH =8 and 7, in accordance with the model-predicted speciation of Figure 2f, the
Raman spectra in Figure 9c,d show the exclusive presence of species V4;01,%~, represented
by the vs/v,s convolution. At pH = 6 (Figure 9e), the 946 cm ! band intensity is lowered
abruptly due to the decrease of V,O1*~ presence and the prevalence of ‘V19Oag’ (i.e.,
species HV190.8°~ and NaHV;,055%7) represented by three bands at 995-1000 cm~ L,
~967 and ~:835 cm ! [69]. The 967 cm~! band’s presence is less prominent at pH = 6 due
to the overlap with the remainder of the 946 cm ! band. A slight blue shift of the main
995 cm~! band on going from pH = 6 to pH = 4 is justifiable due to perturbations caused
by protons and Na* ions.
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Figure 9. Raman spectra of NaVOj solutions with initial concentration Cy v, tota1 = 2.0 X 1072 M
and ionic strength I = 0.1 M NaNOj3. ‘VO," denotes species HVO,42~ and HyVO, ~; “V19Oss’ denotes
species HV1908°~ and NaHV;(Ops*~ (laser wavelength, Aj = 532 nm; laser power, 50 mW).

Hence, the model predictions for the speciation of V(V) species in the precursor
solutions is fully justified by the Raman spectra obtained for the aqueous NaVOj3 solutions
with initial concentration of Cy(yyiotay = 0.02M and pH in the range 10-4.

2.5.2. Raman Spectra of Wet Hg VxOy%4~ /TiO, Pastes. Verification of the Interfacial
Speciation of Vanadates by In Situ Raman Spectroscopy

Recording of the Raman spectra for the wet Hg VxOy?~ /TiO, pastes took place right
after the equilibrium deposition and filtration (i.e., before the drying and calcination
procedures) at 25 °C under flowing O,(g) using the in situ optical Raman cell described
in Section 3.6 (Materials and Methods section). Figure 10 shows the pertinent spectra of
the wet pastes obtained after equilibrium deposition of oxo-V(V) species on TiO,(P25)
from precursor solutions with initial concentration of Cy y)tota = 0.02 M at pH values of
10,9, 8,7, 6,5, and 4 and subsequent filtration. It should be pointed out that the Raman
spectra of the Hg VxOyZ~ /TiO, wet pastes will be discussed with reference to the oxo-V(V)
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species deposited at the interface, and the species identification will be compared to the
interfacial speciation of the oxo-V(V) species calculated based on the above described
model (Figure 8).

Z- .
H V O, 7/TiO, pastes

K XY
T=25°C TiOV(OH),0
under 02 926 pH=10

(@)

Relative Raman Intensity

Raman Shift, cm’'

Figure 10. In situ Raman spectra obtained under flowing O;(g) for the wet pastes HgVxOyZ~ /TiO,
prepared by the equilibrium deposition filtration (EDF) method. The indicated pH values pertain to
the respective impregnating solutions with Cy(y)oa1 = 0.02 M (laser wavelength, Ag = 491.5 nm;
laser power: 15 mW; spectral slit width: 7 cm™1). (a) pH=10;(b)pH=9; () pH=8; (d) pH=7;
(e) pH = 6; (£) pH = 5; (g) pH = 4.

Figure 10 is confined in the V-O stretching region. Strong bands due to the TiO,(P25)
carrier prevail below 825 cm 1. At pH = 10 (spectrum Figure 10a), one single broad band
is seen at 926 cm ! and is assigned to the symmetric stretching VO, vibration of the mono-
and disubstituted inner sphere H, VO, ™~ deposited complexes illustrated in Figure 5. The
theoretical model for the interfacial speciation (Figure 8) predicts the exclusive presence of
H,VO,~ species for pH = 10 and particularly the large prevalence of the monosubstituted
Ti-O-V(OH),0 configuration. The tetrahedral VO, symmetry is disturbed and lowered
due to the distancing of the anchored O atoms that tend to shorten the terminal V-O and
V-O(H) bonds, thereby justifying the 926 cm ! band position, compared to the 828 cm ™!
value for the free VO,3~ ion and to the 868 cm ™! value for the protonated HVO4%~ and
H,;VO,~ ions in the precursor solutions (Figure 9a). In addition, a distribution of bond
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strengths amongst the terminal sites is caused due to the protonation of some of the O
atoms, thereby accounting for the broadness of the 926 cm~! band.

In the Raman spectrum obtained for the HxVxOy?~ /TiO, paste prepared at pH = 9
(Figure 10b), a new broad band emerges at ~970 cm~!, which according to the model
predicted interfacial speciation (Figure 8) is assigned to the disubstituted inner sphere
complex TipO, V401 (Figure 7). The corresponding band for the precursor V,4010% ion
in the respective precursor solution was 946 cm~! (Figure 9b—d). The ~970 cm~! band
(Figure 10b) gradually gains intensity on going from pH =9 to pH = 7 at the expense of
the 926 cm™!, and no further changes can be discerned in the Raman spectra obtained
for the pastes prepared at pH = 6—4, which is in full agreement with the theoretically
predicted interfacial speciation (Figure 8). Now, the ~970 cm ! band (tending to undergo
a blue shift with the decreasing pH of the synthesis procedure) appears to have several
components in agreement with the structural configuration of the disubstituted inner
sphere complex shown in Figure 7, in which terminal mono-oxo VO as well as terminal di-
oxo VO, sites exist, thereby justifying the band broadness. The mono-oxo sites contribute
to the high wavenumber side of the band, whilst the di-oxo sites create a peak mass at the
low wavenumber side of the 970-980 cm~! band.

It is noteworthy that both the theoretically predicted and the experimentally verified
solution speciation (Figure 2e,f and Figure 9) show either a significant presence (at pH = 6)
or a prevalence (at pH = 5-4) of polymeric decavanadate species (i.e., HV19Op5°~ and
NaHV19O,5%7) in the precursor solutions. However, neither the theoretically predicted
interfacial speciation nor the Raman spectra of the wet Hg VxOy%~ /TiO, pastes show
evidence for such species deposition in the respective pH region. Hence, the interfacial
speciation of the deposited species is largely different to the respective solution specia-
tion of the precursor species. The apparent selectivity of the surface for “rejecting” the
decavanadate ions can be due to a number of reasons: (a) the negatively charged surface
repels the polymeric decavanadate anions that possess a high negative charge; (b) the
stereochemical obstruction for the large decavanadate ions approach; (c) the preference
for the deposition of species by means of coordinative bonds as opposed to electrostatic
retainment of the polymeric species. This behavior is indicative of the EDF method’s ability
for designing the configurational characteristics of the deposited vanadate species at the
molecular level.

2.5.3. Temperature-Dependent Evolution of the Molecular Structure of Vanadates
Deposited on Titania

Figure 11 shows the temperature-dependent evolution of in situ Raman spectra ob-
tained from 25 to 430 °C for two representative Hg VxOyZ%~ /TiO, pastes, namely the
ones prepared at the two extrema of the pH range used for the synthesis, i.e., at pH = 10
(Figure 11a) and pH = 4 (Figure 11b).

The temperature evolution of the Raman spectra shows that from the initial (at
25 °C) prevalent configurations (i.e., the monomeric monosubstituted umbrella-like Ti-O-
V(OH),0 species exclusively present on HyVxOyZ~ /TiO, ‘pH — 10 and the tetrameric dis-
ubstituted (Ti-0), V401 in co-existence with Ti-O-V(OH),0 on HgVxOy%~ /TiO, |pH —4)
until the final (VOy)n configurations prevailing in the calcined samples (blue traces in
Figure 11a,b), a gradual transformation resulting in a number of intermediate structural
modifications takes place. Initially, up to the typical temperature limit of drying (i.e.,
120 °C), H,O molecules are detached by a combination of hydroxyls and hydrogen atoms,
thereby creating vacant bonding sites on the carrier and “opportunities” for a surface
diffusion, spillover, and subsequent anchoring. Hence, the 926 cm ™! band is gradually
diminished in both samples, and its main component undergoes a blue shift due to strength-
ening of the V-O bond in view of the deprotonation of the Ti-O-V(OH),0 species that
initially transforms to Ti-O-V(OH)O, and subsequently to Ti-O-VO3. At intermediate
temperatures (120 < T < 250 °C), the Raman spectra are suggestive of a di-oxo O=V=0 ter-
mination configuration for the prevailing species (symmetric v50 — v — o at 955-970 cm™ 1),
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Relative Raman Intensity, a.u.

whilst at higher temperatures (T > 250 °C), the emergence of the characteristic V=0 bond
above 1000 cm ! takes place for both samples (Figure 11a,b). Gradual transformations
due to progressive anchoring and association to neighboring sites with increasing temper-
ature occur also for the disubstituted (Ti-O),; V4019 species on HxVxOy?%~ /TiO, ’pH —4

(Figure 11b), resulting in lowering of the 980 cm ! and gradual emergence of the 1020 cm !
V=0 band. The V-O-V bridges existing within the deposited quadramer contribute to the
two-dimensional growth of the resulting (VOy), domains.

430 °C

350 °C
300 °C

200 °C

Z- s _ A
H,V,0,7/TiO, (pH = 10) H,V,0,”/TiO, (pH = 4)
T: 25—=430°C T: 25—-430°C
under O, . under O

V=0"Na Y
~1004
2
5.8 V/nm? 7.9 Vinm
430°C

400 OW

Relative Raman Intensity, a.u.

150 °C
120 °C
80 °C
926
25°C TiOV(OH),0
1 1 N 1 N 1 N 1 N 1 1 1 1 1 1 1 N 1 1 1
1200 1100 1000 900 800 700 1200 1100 1000 900 800 700
Raman Shift, cm’ Raman Shift, cm’’
(a) (b)

Figure 11. Temperature evolution snapshots of in situ Raman spectra obtained under flowing O,(g) for the wet pastes
HygVxOy%~ /TiO, prepared by the EDF method at (a) pH=10; (b) pH=4 at temperatures as indicated by each spectrum
(laser wavelength, A = 491.5 nm; laser power: 15 mW; spectral slit width: 7 em™1). The first overtone of the v, <Blg> anatase

mode at 22792 cm ™! is denoted by 2vy4 <B1g> .

The coverages for the finally obtained samples after calcination for 4 h at 480 °C under
static air correspond to 5.8 V/nm? for the sample prepared at pH = 10 and to 7.9 V/nm?
for the counterpart sample prepared at pH = 4. Interestingly, a broad peak mass centered
at ~930 cm~! is seen for the sample with the highest V surface density, which is assigned
as documented earlier [56,70-73] to V-O-V functionalities, suggestive of polyvanadate
species formation at high surface densities.

Notably, the bands due to the V=0 terminal bonds in the in situ Raman spectra
obtained at 430 °C (Figure 11a,b) are not distinctly discerned, contrary to those reported
earlier [56,73], and moreover, their ~1004 and 1020 cm~! wavenumbers deviate from
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the 1026-1031 cm ! usual expected range for terminal mono-oxo V=0 sites on titania,
thereby showing evidence for a perturbation of the V=0 site that results in V=0 bond
elongation. Indeed, one should take into account that the prepared catalysts are doped
with sodium, since the precursor used was NaVOj3 and the ionic strength of the precursor
solutions was adjusted by NaNOj solutions. Hence, as shown by Bulushev et al. [74],
alkali atoms through an electrostatic (-O)xV=0%"---Na®* interaction cause an elongation
of the V=0 bond, by that means accounting for the downward shift and broadening of the
V=0 band [75]. Periodic density functional theory (DFT) calculations [76] combined also
with experimental evidence [77] have shed additional light on the effect of alkali on the
perturbation of the V=0 bond in supported vanadium oxide catalysts.

3. Materials and Methods
3.1. Substances

Titania (Degussa P25) containing 80% w/w anatase and 20% w/w rutile was used
as the support in all cases. Its surface composition is ~90% anatase and only ~10%
rutile. More details about its textural analysis can be found in ref. [49]. NaNOj dissolved
in triply distilled water and NaVOj3 were used for the preparation, respectively, of the
inert electrolyte and impregnation solutions necessary for the kinetic experiments and the
synthesis of the wet vanadia/titania samples for the Raman spectroscopy measurements.

3.2. Proton-ion Titrations and Adsorption Experiments

Proton-ion titrations and adsorption experiments data used for the quantitative mod-
eling were drawn from ref. [64], where full experimental details about these experiments
can be found.

3.3. Kinetic Experiments

First, 40 mL of 0.1 N NaNOs inert electrolyte solution and 2 g of TiO, were placed
in a double-walled Pyrex thermostable container with a Perspex lid, which is properly
shaped so that there are places for the combined pH measuring electrode, the automatic
titration micro-pipeline, and the supply nozzle Ny, with which an inert atmosphere is
achieved. Then, the suspension was allowed to equilibrate for about 2 h under continuous
stirring and N, flow, while the temperature was kept constant at 25 £ 0.1 °C throughout
the experiment. After 2 h, the pH measuring electrode was placed in the suspension for
continuous recording. Then, the appropriate amount of 0.1 M HNOj; standard solution
was added so that the initial pH of the suspension was adjusted to 4. This was followed
by equilibration of the suspension for about 30 min, and then, the necessary ml of 102 M
vanadium solution was added so that its final concentration in the suspension is equal to
6 x 1073 M. Immediately, titration was started by adding small amounts of standardized
HNOs; solution (0.1 M), in order to keep the pH of the suspension constant at 4 and
sampling for the next 2 h. The above procedure was performed for two more initial
suspension pH values, equal to 6.5 and 9. In these cases, a standard 0.1 M NaOH solution
was initially added, in order to adjust the initial suspension pH to 6.5 and 9, respectively.
The titration was done with the help of an automatic micropipette (Radiometer Copenhagen
ABU901 Autoburette), which was equipped with a suitable computer program. In order
to determine the amount of vanadium remaining in the suspensions and therefore that
deposited on the surface of titania, spectrophotometric analysis of the vanadium in the
samples taken was performed.

3.4. Simulations

The simulations of the proton-ion titration curves and the adsorption edges were
carried out using Visual MINTEQ, which is a computer code for the calculation of chemical
equilibria in aqueous media [65]. The simulations were achieved by fitting to the exper-
imental data the corresponding calculated curves, taking into account the mass and the
charge balance equations as well as the equilibrium equations for each species being at the
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various planes (or layers) of the interface developed between the titania surface and the
impregnation solution containing the vanadates (see Appendix A).

3.5. Synthesis of Vanadia/Titania Samples

The equilibrium deposition filtration (EDF) method was used to prepare the sam-
ples [41]. TiO, (Degussa P25) was used as support, while the precursor of the active
phase was NaVOj. The ionic strength of the solutions, containing the precursor at the
desired concentration (Cy = 2.0 x 1072 M), was adjusted with 0.1 M NaNO3. In various
thermostatic vessels (varying in the pH of the suspension), the oxo-vanadium species were
deposited on the TiO, surface at seven different pH values (10, 9, 8, 7, 6, 5, and 4), until
each system reaches equilibrium. The pH adjustment/control was done automatically with
an autoburette Radiometer Copenhagen ABU901. The filtration procedure was followed to
obtain the wet HgVxOyZ~ /TiO, samples.

3.6. Raman Spectroscopy
3.6.1. Raman Spectra of Precursor Solutions

Raman spectra of the precursor solutions with initial V(V) concentration equal to
CV(V) = 2.0x102M and pH in the range 4-10 (i.e,, pH =10, 9, 8, 7, 6, 5, and 4) were
recorded at room temperature using the linearly polarized 532 nm line of a diode-pumped
CW laser (excelsior, Specra-Physics) operated at 50 mW. The scattered light was collected
at 90° (horizontal scattering plane), passed through an edge filter for rejecting the elastic
scattering, and analyzed by an iHR-320 JY(Horriba) monochromator equipped with a
thermoelectrically —60 °C cooled CCD detector interfaced with Labspec software. The
polarized (VV: vertical polarization of incident laser-vertical analysis of scattered light)
as well as the depolarized (VH: vertical polarization of incident laser-horizontal analysis
of scattered light) configurations of scattering geometry were employed utilizing a set of
Glan and Glan-Thompson polarizers (Hale) with extinction coefficients better than 10~°
and 107, respectively. Hence, bands pertaining to totally symmetric vibrations could be
discerned due to their exclusive presence under the VV configuration. Notably, this could
not be achieved in the Raman spectra of wet pastes, owing to the amorphous nature of the
pertinent deposited species that results in scrambling of the polarization.

3.6.2. In situ Raman Spectra of Wet Hg VxOy%~ /TiO, Pastes and Calcined Samples

Figure 12 shows the homemade optical cell assembly used for studying the tempera-
ture evolution of the Raman spectra obtained for the Hg VxOyZ~ /TiO, wet pastes. The
pastes were puttied in the cavity of a “U”-shaped quartz holder, which is mounted in the
vertical position on the optical cell sample holder by means of a gold wire. The incident
laser beam is directly focused on the puttied paste (suspended within the U-shaped quartz
holder), and hence, with adequate arrangement of the optical geometry, there is no direct
illumination of quartz and the sampling is containerless. Moreover, there are no quartz
bands within the V-O stretching region displayed, the nearest weak quartz band being at
~805 cm ! [78]. Temperature-dependent snapshots of in situ Raman spectra under flowing
(15 cm3/min) O,(g) were recorded by gradual increase of the temperature in the 25-430 °C
range. For recording the Raman spectra of calcined powderous samples, 90-100 mg of
sample were pressed in the form of a wafer disc, which was mounted on the sample holder.
A cylindrical focusing lens was used for illuminating the samples with the incident laser
beam (typically 10-15 mW on the sample), which was slightly defocused for reducing
the irradiance. The cyan 491.5 nm line of an air-cooled DPSS (Diode Pumped Solid State)
Cobolt laser was used as the excitation source. The scattered light was collected at 90°
on a horizontal scattering plane, analyzed with a 0.85 m Spex 1403 double spectrometer,
and detected by a —20 °C cooled RCA photomultiplier tube interfaced with a Labspec
acquisition software.
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Figure 12. Optical cell for in situ Raman measurements.

4. Conclusions

The type of deposition and the speciation of oxo-V(V) species at the titania/electrolyte
precursor solution interface was determined by means of a computer code and verified by
Raman spectroscopy. Moreover, a prediction of the interfacial speciation of the deposited
ox0-V (V) species on titania was achieved based on a deposition mechanism that fits very
well the relevant experimental results. In situ Raman spectroscopy was used to verify the
interfacial speciation of the wet HxVxOy?~ /TiO, pastes as prepared by the EDF method
and to monitor the temperature-dependent evolution of the Raman spectra at temperatures
up to 430 °C. It was shown that it is possible to design at the molecular level the synthesis
of vanadia/titania catalysts, adopting the EDF method and following the formation of
the vanadia site from the first (i.e., impregnation) to the final (i.e., calcination) step of the
catalyst synthesis procedure. Hence, a controlled formation of specific vanadia species
on titania surface is enabled, which, depending on the synthesis conditions, can result in
specific catalyst characteristics and thus possibly different catalytic behavior for a specific
reaction.

Particularly, it was found that the deposition of vanadates on titania surface takes place
via the formation of two main species: (i) a mono-substituted inner sphere complex between
one terminal hydroxyl of the titania surface and a monomeric species (Ti-OV(OH),0) and
(ii) a disubstituted inner sphere complex between two terminal hydroxyls of the titania
surface and one quadramer ((Ti-O),;V40O1p). At very high pH values (>10), vanadium is
deposited on titania exclusively in the form of the monomer species. As pH decreases, the
contribution of quadramers on the deposition of V(V) on titania becomes gradually more
significant. At a pH value of ~8.5, half of the deposited V is in the form of monomers, the
other half being in the form of quadramers. At pH values lower than 6, quadramers are
the prevailing deposited vanadia species, although the predominant species in the solution
are the decavanadate anions.

Tuning the structure of the vanadia species deposited on titania can enhance the cat-
alytic performance of such materials [79]. Our findings show that a very strong interaction
is developed between V(V) and titania from the first to the final step of the catalyst synthe-
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sis, which stabilizes bi-dimensional vanadia structures, thus ensuring high dispersion of
the vanadia phase. The latter is expected to be associated with the excellent performance
of such catalysts.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-434
4/11/3/322/s1, Figure S1: (left) Variation of the concentration, [S] (mol/L), of the main vanadium
species with the pH, for two different total V concentrations and (right) the distribution of total
vanadium among the different species in the solution (I = 0.1 M NaNO3), Figure S2: Amount of the
H* ions adsorbed vs. the amount of the deposited V(V) for various pH values. Points represent
experimental data and solid lines correspond to calculated curves on the basis of the deposition
mechanism finally adopted in the simulation.
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Appendix A

Table Al contains all the species for the Hy VxOy%~ /NaNO;/TiO, system, namely
the surface (hydr)oxo groups of titania, the ion pairs of these groups with the ions of the
indifferent electrolyte (Na*, NO3; ), and the deposited vanadium species. The formation of
each surface species is defined in terms of components (columns), being components in so-
lution, surface components (surface groups), and electrostatic components (exp(—F¥;/RT),
withi=0, 1, and 2, standing for the corresponding planes of the interface [64]). The concen-
tration [S] (mol L) of a surface species can be calculated by reading the table horizontally
and using Equation (1). All logK values are based on intrinsic constants, adjusted for
activity corrections in the case of I # 0. The activity coefficients were estimated with the
Davies equation (constant = 0.2).

Table A1. Surface speciation for the deposition of vanadates on titania surface.

Dissolved Components Cosrﬁrf;rc\:nt Electrostatic Components Intrinsic Formation
Surface Species p Constant
Ht Nat NO3~ HVO,2— TiO%35— Tij,0057— e F¥o/RT e FY¥1/RT e FT¥2/RT (logK)
Tip, 0057~ 0 0 0 0 0 1 0 0 0 -
TiO035- 0 0 0 0 1 0 0 0 0 -
Ti, OH?43+ 1 0 0 0 0 1 1 0 0 logK; =7.8
TiOH065+ 1 0 0 0 1 0 1 0 0 logK, =4.6
Ti, 0%~ -Na* 0 1 0 0 0 1 0 0.7 0.3 logKn, = —1.7
TiO%%~_Na* 0 1 0 0 1 0 0 0.7 0.3 logKn, = —1.7
Tip OH43*-NO3~ 1 0 1 0 0 1 1 —0.7 —0.3 logK; + logKnos = 5.6
TiOH%5*-NO3~ 1 0 1 0 1 0 1 —0.7 -03 logKs + logKno3 = 2.4
TiOV(OH),0 065+ 1 0 0 1 0 1 0.8 -18 0 logKT1 =30.3 £+ 0.5
(TiO), V(OH), 23+ 2 0 0 1 1 0 1.5 -15 0 logKrs =45.3 + 0.5
(TiO), V4049 07— 18 0 0 7 5 5 10 -2 —4 logKr3 = 88 + 0.5
Sum 21 22 23 24 25 26 27 28 29 -
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¥ = H*(t) — OH ™ (t) (A1)
¥, = Na*(t) (A2)

Y3 =NO3 (1) (A3)

Y4 = HVO,2~(b) (A4)

Y5 = pANs) (A5)

Y = pANg (A6)

7 = pA/F (09 — 2zFNg;)) (A7)
Y5 = pA/F oy (A8)

Y9 = pA/F 0, (A9)

o9 =C1(¥o — ¥1) (A10)

op = Co(¥1 — ¥2) — C1(¥o — ¥1) (A11)

1
02 = Cy(¥2—¥1) % 51/8000c0e,RT \/Eci (e—=F¥2/RT _ 1) (A12)
i

The parameters in the summation terms (A1)-(A12) are as follows: p, the solid con-
centration (SC, kg L~1); A, the specific surface area (5S4, m? kg’l); F, the Faraday constant
(C mol™1); 0, 01, and oy, the charges (C m~2) in the 0-, 1-, and 2-planes, respectively; z;,
the charge of the surface reference groups Ti;O%>~ and TIOH?3°~; Ngj, the site densities
(mol m_z) of the corresponding surface groups; ¥y, ¥1, and ¥, the electrostatic potential
(V) of the 0-, 1-, and 2-planes, respectively; Cy, the capacitance (C V~! m~2) of the layer
between the 0- and 1-plane; Cy, the capacitance (C V! m~2) of the layer between the 1- and
2-plane; ¢g, the absolute dielectric constant (C v-1 m’l) ; €7, the relative dielectric constant;
R, the gas constant (J mol 1 K=1); T, the absolute temperature (K); C;, the concentrations of
the dissolved electrolyte solution species with valence z;. Values of the above-mentioned
parameters can be found in Tables 3 (model A) and 4 of ref. [66].
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