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Abstract: The present paper continues the exploration of the physicochemical and catalytic proper-
ties of vanadia-mayenite composites. The samples were prepared by an impregnation of calcium
aluminate CajpAlj4O33 (mayenite, C12A7) with a solution of vanadium precursor. Pure mayenite
and V/C12A7 nanocomposites were characterized by Raman and diffuse reflectance UV-Vis spectro-
scopies. The reducibility of the samples was examined in temperature-programmed reduction exper-
iments performed in a hydrogen atmosphere. The catalytic performance of vanadium-containing
systems was studied in the non-oxidative dehydrogenation of ethane. As found, the low-loaded
sample (5%V/C12A7 sample) contains vanadium predominantly in the form of Ca3z(VOy),, while for
the 10%V /C12A7 sample, two types of calcium vanadates (Ca;V,07 and Ca3(VOy);) are registered.
The presence of these phases defines the spectroscopic characteristics and the redox properties of
nanocomposites. Both the samples, 5%V /C12A7 and 10%V /C12A7, exhibit comparable catalytic
activity, which is mainly connected with the amount of the Caz(VO,), phase. The uniqueness of the
studied catalysts is their excellent tolerance toward coke formation under the reaction conditions.

Keywords: calcium aluminate; vanadia-mayenite composite; Raman spectroscopy; diffuse reflectance
UV-vis spectroscopy; temperature-programmed reduction; catalytic ethane dehydrogenation

1. Introduction

Calcium aluminates of the mayenite structure belong to a new class of materials, which
are intensively studied in various fields of science and technology, and the area of their
application widens every day [1]. The stoichiometric chemical formula for the unit cell
of mayenite can be represented as [Capy AlrgOgs]* (0?7 ),, where O%~ ions are located in
cages formed by the mayenite’s framework. The uniqueness of this material comes from
the fact that O~ ions can be substituted with other anions such as O,~, O—, 0%~ F~ H,
OH™, NO;7, or even electrons [2,3]. Upon preparation, mayenite can already contain a
number of oxygen anion species without the need of any special treatment [4]. In many
cases, the properties of mayenite can be changed greatly depending on the type of anions
in its framework.

Optical properties of the mayenite-based materials have been of great interest recently.
In particular, Eu®* can substitute Ca?* in the mayenite lattice, which results in enhanced
luminescent characteristics [5,6]. The mayenite-based high-temperature stable ceramic
pigments prepared from Eu- and Nd-doped layered double hydroxide precursors allows
the obtaining of multi-wavelength luminescent materials, which emit in a wide spectral
region. Such materials can be employed in broadband amplifiers or as barcodes [7]. The
emission spectra of Bi**-doped mayenites can be tuned by changing the type of anion in
the nanocages (O*,F,and C17) [8].

The mayenite-based materials have been investigated to be used as supports for vari-
ous catalytic processes. For example, Ru-loaded C12A7:e™ electrides have been shown to
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be promising catalysts for ammonia synthesis [9] and decomposition [10]. Such an improve-
ment in catalytic activity is attributed to the enhanced dissociation of N, molecules (which
is a limiting step in ammonia synthesis) by a donation of electrons from mayenite. Higher
electron densities result in a higher catalytic activity with lower activation energy [11].
The main drawback of the process, poisoning of Ru by hydrogen, is also suppressed by a
reversible storage of H™ in mayenite cages.

One of the possible applications of mayenite is its use as a catalyst for the oxidation
reactions. Due to the presence of various active oxygen species (02*, 0, 0%, 0,2,
and OH™) stored in the mayenite nanocages, it possesses catalytic activity without the
addition of any metal or metal oxide as active components. However, these oxygen
species are mainly located in the bulk of mayenite, which complicates their accessibility for
the reactants. For instance, the hydrogen consumption in the temperature-programmed
reduction of mayenite prepared by a conventional ceramic route was just 10 umol/g [2].
Such a low value can be explained by the reduction of surface species only. On the other
hand, Intiso et al. reported that the hydrogen uptake can be varied in a range from 0.45
to 1.19 mmol/g, depending on the preparation method [12]. The doping of mayenite
with 1.5-2 wt% of Fe was shown to facilitate the reduction of oxygen species in mayenite
and improve the catalytic performance as well [13]. For instance, the high activity of
mayenite in trichloroethylene (TCE) oxidation was observed by Cucciniello et al. [14].
Mayenite of relatively low surface area (4.5 m?/g) was capable of total oxidation of TCE
without coke formation, thus demonstrating high recyclability. It was revealed by Raman
spectroscopy that O, ions are retained in Fe-doped mayenite even after testing under
reaction conditions, which is not typical for pure mayenite. The high-surface-area mayenite
exhibits higher activity in soot oxidation and shifts the process temperatures toward the
lower values [15].

The mayenite-based materials are also promising catalysts for steam reforming of
methane and tar [16-20]. Ni/mayenite compositions are typically employed for this pur-
pose. As known, the most important problems in steam reforming are the coke formation
and the poisoning with sulfur, causing the deactivation of the catalyst [21]. Highly reactive
oxygen species of mayenite are capable of oxidizing carbon deposits and removing sulfur
from the metal surface. Sorption-enhanced steam reforming with Ni-CaO/mayenite used
as a catalyst is an especially promising approach [16,19]. An in situ adsorption of CO,
shifts the reaction equilibrium to the product side and allows the production of hydrogen
of higher purity.

Although all the traditional processes of non-oxidative dehydrogenation of light olefins
employ either platinum- or chromium-oxide-based catalysts, supported vanadium-oxide-
based catalysts used mostly in the oxidative dehydrogenation processes are of growing
interest as well [22-24]. In a comparative work by Sokolov et al. [23], VO /MCM-41
catalysts demonstrated a higher stability in four dehydrogenation cycles than Pt/MCM-41
and CrOx/MCM-41. As reported by various authors, isolated VO tetrahedra provide
improved activity and stability if compared with polymerized VO species [25]. Gu et al.
showed that the addition of phosphine promotes the formation of isolated VO species [26].
Vanadium oxide supported on ZrO, appeared to be more active than vanadium oxide
supported on Al,O3 because of its better reducibility and the facilitated formation of low-
coordinated VOx species [27]. This, in turn, enhanced the C-H activation significantly.
Another example is the combined use of V-Mg-O and Ni-Mg-O, which allows the increase
in the yield of ethylene in a temperature range of 600-650 °C [28].

Such features of mayenite-based composites as a high resistance toward coking along
with the presence of highly reactive oxygen species allow the anticipation of their excellent
catalytic performance in the dehydrogenation processes. As known from the literature,
Raman spectroscopy allows the detection of 0,2~ and O, ions in mayenite [29], which,
as mentioned previously, defines its unique catalytic activity. The 2D and 3D Raman
imaging technique can be informative as well [30]. As we have reported recently [31],
vanadia-mayenite nanocomposites can be successfully prepared by an impregnation of the



J. Compos. Sci. 2022, 6, 308

30f16

dispersed mayenite particles with an ammonia vanadate solution. These nanocomposites
were characterized by the low-temperature nitrogen adsorption/desorption technique,
X-ray diffraction analysis, high-resolution transmission electron microscopy, and electron
paramagnetic resonance (a spin probe technique). In the present work, an additional insight
into the physicochemical properties of these nanocomposites by means of diffuse reflectance
UV-Vis and Raman spectroscopies is provided. The reproducibility of the redox properties
of vanadia-mayenite nanocomposites was assessed by means of temperature-programmed
reduction of hydrogen (TPR-Hy). Finally, the catalytic activity of the prepared samples in
the ethane dehydrogenation reaction was studied in comparison with the V-Mg-O reference
catalyst. The long-term stability of the nanocomposites was examined in durability tests
at 700 °C.

2. Materials and Methods
2.1. Preparation of the Samples

The high-dispersity samples of pure mayenite were prepared in an aqueous medium
using high-dispersity aluminum and calcium hydroxides [32]. In order to obtain Ca(OH),,
calcium carbonate (LLC Reakhim, Moscow, Russia) was calcined in a muffle furnace with
the formation of CaO. The latter was dissolved in a suspension of pseudoboehmite (Sasol,
Sandton, South Africa) in distilled water. The chemicals were taken in amounts providing
the required Ca/Al ratio of 12/14. The mixture was stirred for 10 h, resulting in the
formation of a joint hydroxide of aluminum and calcium. The filtered sediment was dried
at 110 °C and calcined in air at 600 °C.

To prepare the vanadia-mayenite composites (V/C12A7), pure mayenite (5 g) was
impregnated with 57.5 mL or 115 mL of the ammonium vanadate NH4 VO3 (LLC Plant of
Rare Metals, Koltsovo, Russia) aqueous solution heated to 70 °C. The mixture was stirred
for 3 h at the same temperature, dried, and calcined in air at 90 °C for 24 h and at 600 °C for
6 h, respectively. Thus, the composite samples 5%V /C12A7 and 10%V /C12A7 containing
5% or 10% of vanadium (with respect to V,0O5) were obtained, respectively.

The V-Mg-O oxide system was used as a reference material for catalytic tests. The
sample was synthesized as described elsewhere [28]. Magnesium tape (2.4 g, Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in methanol (90 mL, Avantor Performance
Materials, Gliwice, Poland). The mixture was stirred with heating for 1 h, and then toluene
(100 mL, Component-Reaktiv, Moscow, Russia) was added. In order to provide slow
hydrolysis of magnesium methoxide, distilled water (3.6 mL) was added dropwise with
continuous stirring. When the gel of magnesium hydroxide was formed, a solution of
vanadium precursor (1.04 g of vanadyl acetylacetonate (Alfa Aesar, Ward Hill, MA, USA)
in a mixture of 20 mL of methanol, 10 mL of toluene, and 1.8 mL of H,O) was loaded into
the vessel. The mixture was kept there for 24 h. Then, the resulting joint gel was placed in
an autoclave and heated with a ramping rate of 1.3 °C/min for the solvent removal under
supercritical conditions. The final pressure and temperature in the autoclave were 80 atm
and 265 °C, correspondingly. The obtained vanadium-magnesium aerogel was placed in a
muffle furnace, heated at a ramping rate of 1 °C/min up to 500 °C, and maintained at this
temperature for 1 h.

2.2. Characterization of Pure Mayenite and Vanadia-Mayenite Composites

Diffuse reflectance UV-Vis spectra were recorded between 190 and 800 nm using a
UV-Vis spectrometer Varian Cary 300 UV/VIS Bio (Agilent, Santa Clara, CA, USA) with a
DRA-CA-3300 integrating sphere (Labsphere, North Sutton, NH, USA) with the Spectralon
standard as a reference. The UV-Vis spectra were transformed into the Kubelka—-Munk
function F(R) = a/s [33], where a is the absorption and s is the scattering. The energy-gap
width (Eg) was estimated from the UV-Vis spectra using an expression proposed by Tauc,
Davis, and Mott:

[F(R)-hv]" = A-(hv — Ey) 1)
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where h is the Planck’s constant, v is the frequency of vibration, hv represents the energy
per photon, function F(R) ~ « is the absorption coefficient, E is the band gap, and A is the
proportional constant. The value of n = 1/2 means an indirect allowed transition, while
n = 2 represents a direct allowed transition [34].

Raman spectra of the samples were collected on a Horiba Jobin Yvon LabRAM HR
UV-VIS-NIR Evolution Raman spectrometer (Horiba France SAS, Longjumeau, France)
equipped with an Olympus BX41 microscope (Olympus Corp., Tokyo, Japan) and the
514.5 nm line of an Ar ion laser. The power of light focused in a spot with a diameter
of ~2 pm was less than 0.8 mW to avoid the thermal decomposition of the sample. The
samples were examined in a naturally hydrated state under the atmospheric conditions.

Temperature-programmed reduction of hydrogen (TPR-H,) was performed to study
the reduction behavior of the samples. A specimen (200 mg) was loaded into a quartz
reactor. Then, the reactor was fed with a mixture of 10% H; and 90% N,. The gas flow rate
was 57.8 mL/min. The temperature of the reactor was increased from room temperature to
700 °C with a ramping rate of 10 °C/min. The hydrogen concentration at the reactor outlet
was measured using a GAMMA-100 gas (H) analyzer (Analitpribor, Smolensk, Russia).
Finally, the reactor was cooled down to room temperature in a nitrogen flow. In order to
study the reproducibility of the reduction behavior, the samples were re-oxidized in an air
flow at 500 °C. Each sample was examined in five redox cycles.

2.3. Testing the Catalytic Activity of Vanadia-Mayenite Composites

The catalytic activity of the vanadia-mayenite composites was studied in a model
reaction of ethane dehydrogenation. In each experiment, a specimen (200 mg) was loaded
in a quartz reactor. Next, the reactor was heated up to 450 °C in a helium flow (50 mL/min).
Then, a mixture of 5% ethane in helium was fed into the reactor with a flow rate of
100 mL/min. The temperature was varied in a range of 450-700 °C with a step of 25 °C. The
composition of the gas mixture at the reactor outlet was analyzed by gas chromatography
(GC) using a Crystal-2000M gas chromatograph (Chromatec Instruments, Yoshkar-Ola,
Russia) equipped with a flame ionization detector. At each temperature point, the analysis
of the reaction mixture was performed for five times.

In order to study the stability of the samples under reaction conditions, the durability
tests were carried out. During these tests, the catalytic activity was monitored at 700 °C for
9 h. The reaction mixture at the reactor outlet was analyzed by GC every six minutes.

3. Results and Discussion
3.1. Raman Spectroscopy Study of Pure Mayenite and Vanadia-Mayenite Composites

Raman spectroscopy is an informative method for characterization of mayenite-based
materials. Figure 1 shows Raman spectra of pure mayenite and vanadia-mayenite compos-
ites calcined at 600 °C. As follows from the detailed spectrum of pure mayenite (Figure 1a),
the most intensive band at 517 cm ™! is the most resolved one. This band is attributed
to symmetric Al-O-Al vibrations of the bridge oxygen between AlO;, tetrahedrons [35].
The Al-O stretching vibrations within these tetrahedrons give a group of middle-intensive
bands at 770, 880, and 910 cm 1. The group of weaker bands at ~300 cm !, which are not re-
solved practically, relates to doubly and triply degenerated framework oxygen [35,36]. The
asymmetric profile of the band at 517 cm ™! allows surmising the presence of monocalcium
aluminate (CaAl,Oy) traces. The Raman spectrum of CaAl,O; consists of a strong band
at 520 cm ! with a shoulder at 545 cm ! [37]. Another band at 1128 cm ™! is assigned to
the stretching vibration of O, ~ [38]. Taking into account the XRD data for this sample [31]
and the noticeable amount of CaO and Al,Oj3, the bands at ~1080 and ~420 cm ™! can be
attributed to CaCO; [39] and Al,O3 [40], correspondingly.

Raman spectra of the vanadia-mayenite composites also include the vanadium-related
bands (Figure 1b). However, it should be noted that the band at ~995 cm ! corresponding
to crystalline surface forms of V,0Os is absent in spectra of both the V/C12A7 samples. The
low-intensive Raman band at ~910 cm ™! of interface vibration mode V-O-Al and two types
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of V=0 stretching band at 1013-1035 cm~! assigned to monovanadate and polyvanadate
species typical for the samples hydrated in air are also not evidently seen [41,42]. Supposedly,
these bands are overlapped by more intensive bands of calcium vanadates Ca;V,0; and
Ca3(VOy);. Thus, in the case of the 5%V /C12A7 sample, the broadened intensive bands at
854 and 354 cm ™! are characteristic for Caz(VOy), in the whitlockite structure (R3¢ space
group). Such a structure with a shift in calcium and oxygen atoms from appropriate locations
and with a random distribution of vacancies leads to the overlapping of a number of vibration
modes [43].

C12A7 —— C12A7(600) (b)
5%VIC12A7(600) 'v
5 10%VIC12A7(600)
] 5 | v cavo,
S s | ¢ cawoy, v
£ = |« c12a7 V.0
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8 2 |
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c =
£ £
5 :
o ©
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Raman shift, cm™ Raman shift, cm”

Figure 1. Raman spectra of pure mayenite and V/C12A7 samples calcined at 600 °C: (a) detailed
spectrum of pure mayenite; (b) comparison of all the spectra.

The Raman spectrum of the 10%V /C12A7 sample (Figure 1b) shows typical narrow
Raman modes in three regions. The first region of 800-950 cm~! corresponds to the
symmetric vibrations of terminal VO3 groups. The second region of 400-800 cm ™! is
attributed to the stretching vibrations of bridging V-O-V band bending vibrations. The
third region contains a band below 400 cm ! that allows their assignment to Cap V07 [44].
Therefore, if, in the case of the 5%V /C12A7 sample, vanadium is present predominantly in
the form of Caz(VOy),, then, for the 10%V /C12A7 sample, two types of calcium vanadates
(Cap V5,07 and Caz(VQy,),) are observed. The molecular structures of these vanadates are
shown in Figure 2. These results correlate well with the XRD data reported recently [31].

(a)

Figure 2. Molecular structure model diagrams of the calcium vanadates: (a) CayV,07; (b) Caz(VOy);.
The following color designation was used: calcium-blue; oxygen-red; vanadium-orange.

3.2. Diffuse Reflectance UV-Vis Spectroscopy Study of Pure Mayenite

As mentioned above, the stoichiometric cubic unit cell of mayenite is represented by
the following formula [Cang AlygOgs]**(O%7),, where the first part is a framework built of
12 cages, and O?~ ions are extraframework species occupying 2 of 12 framework cages.
Mayenite synthesized in an oxidative atmosphere can contain not only O%>~ ions but OH™,
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O7, and O, anions as well. These extraframework anions form an absorption edge or
absorption bands below the fundamental edge assigned to the transition from the top of the
valence band to the lower part of the framework’s conduction band (VB — FCB, E¢ ~ 6.8 eV).
The incorporation of anions shifts the absorption edge toward the lower energy values
in the following order: OH~ > O%~ > oxygen radicals. The absorption edge of C12A7 is
defined by the chemical identity and the relative concentrations of extraframework species,
and can be varied from 4 to ~6 eV. The extraframework OH™ ions seem to be the most
stable substituting anions, as they rapidly substitute the extraframework O?~ ions during
treatment at moderate temperatures in a wet atmosphere [38]. The complete dehydration
process of the extraframework OH™ ions in the cages takes place in a temperature range of
500-1350 °C [45].

Figure 3 demonstrates the diffuse reflectance UV-Vis spectrum of pure mayenite
calcined at 600 °C and the dependence of (F(R)-E)? on the photon energy E characterizing
the energy gap width E, for the direct allowed transitions, which were determined in
accordance with the Tauc method. The observed value of E; ~ 5.84 eV corresponds to
mayenite with a practically complete substitution of extraframework O?~ ions with OH~
anions [34]. Calcination of mayenite in air at 800 and 1000 °C results in decreased Eq values
of ~5.58 and ~5.44 eV, which is connected with an enlargement of the mayenite particles.
These values are significantly lower than the band gap of y-Al,Os (7.6 V) [46] and the
indirect gap of CaO (~6.4 eV) [47], despite the noticeable content of these oxides in the
sample. Nevertheless, the absorption in a region typical for the extraframework ions O?~
and oxygen radicals in the wavelength region shorter than 300 nm (E > 4 eV) is mainly
defined by the impurity ions (Cr>*, Fe3*, etc.).

10
C12A7(600) C1247(600) B m
(a) 4000 4 owrect allowed ;
‘|Mllf
E =584
. 30004 o ('
- W i
& ) 3 P
' b
w % 2000 {r
: Jf
1000 4 :
E.'!
./r'.
~ ¢
4+
200 250 300 350 400 450 40 45 50 55 60 6.5 70
A, nm E, eV

Figure 3. Diffuse reflectance UV-Vis spectrum of pure mayenite calcined at 600 °C (a). Dependence
of (F(R)-E)? on the photon energy E characterizing the energy gap width E; for the direct allowed
transitions (b).

The emission luminescence spectra of mayenite in a visible region are defined by the
impurity ions Cr** and Fe3* coordinated in octahedral and tetrahedral positions, accordingly.
The luminescence band of the impurity Fe>* ions in tetrahedra surrounded with a maximum
near 770 nm (Figure 4a) along with the excitation band with a charge transfer at 320 nm is
characteristic for y-Al,O3, where Fe>* ions can substitute Al3* in tetrahedra surrounded with
AlL-O (1.7759 A) [48-50]. The luminescence band at 694 nm corresponds to the Cr** impurity
ions in y-Al,O3. However, the positions of the d-d transition bands 4T1g and 4T2g — 4A2g at
452 and 551 nm, respectively, do not coincide with that for pure y-Al,O3 (425 and 564 nm,
accordingly). With calcination of the mayenite sample, a rapid increase in luminescence
intensity (by ~24 times at 1000 °C) accompanied by an insignificant further rearrangement
of the positions of the 4T1g, 4T2g — 4A2g bands is observed (Figure 4b). Therefore, the
observable luminescence of Cr3* is supposedly connected with the presence of y-Al,O3 traces
of a disordered (roentgen-amorphous) structure.
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Figure 4. Emission and excitation luminescence spectra of the impurity ions Cr>* (Aex = 470 nm) and
Fe3* (Aex = 320 nm) in pure mayenite (a). Dependence of luminescence intensity of the impurity ions
Cr®* and Fe3* on the calcination temperature (b).

There are two tetrahedral positions of AI** within the mayenite structure with the

Al-O distances of 1.7439-1.7753 A and 1.7402 A [51,52], which can be isomorphically
substituted with Fe3* ions. Such a substitution should be accompanied by changes in the
lattice constant [53]. Therefore, as the intensity of the Fe3* luminescence decreases with
calcining more slowly than in the case of Cr3* ions (~2.8 times at 1000 °C), this indicates
the possible formation of the luminescence sites of iron within the mayenite structure. No
experimental confirmation of the formation of such sites is reported in the literature. The
main attention is usually paid for the high-loaded mayenite-based materials. For instance,
Ebbinghaus et al. [52] worked with single crystals of C12A7 substituted with 1 mol% of
iron. At the same time, the concentration quenching of luminescence for Fe3* in Al,O3
takes place already at concentrations above 100 ppm [48].

3.3. Diffuse Reflectance UV-Vis Spectroscopy Study of Vanadia-Mayenite Composites

Molecular structures of the supported vanadium oxides in a solid state were summa-
rized by Weckhuysen et al. [54]. Diffuse reflectance spectroscopy allows the study of the
charge transfer transitions for V>* (d°). These species can be in a tetrahedral (VO,), penta-
hedral (VOs), and octahedral (VOg) coordination environment. Therefore, the following
types of vanadium oxide species on the surface can be expected [42,55-59]: (1) isolated
vanadium ions; (2) dimeric or polymeric species; (3) chains of vanadium ions building
up a two-dimensional over-layer of supported vanadium oxides; (4) three-dimensional
vanadium oxides (e.g., V,0Os), which can be crystalline or not; (5) mixed metal oxide phases
with the support (e.g., AIVOy, Caz(VOy),, and CapV,07), or their combination.

The E¢ values for the direct allowed transition of sodium orthovanadate NazVOy
(Eg ~ 3.82 eV), metavanadate NaVOj3 (Eg ~ 3.15 V), and V,0s5 (Eg ~ 2.26 €V) can be used
as standard values of compounds containing only isolated monomeric tetrahedral units,
the linearly polymerized tetrahedrally coordinated oligomeric units, and polymerized
octahedrally coordinated units, correspondingly. In our case, among the group of mixed
metal oxide phases (5), Ca3(VOy); is the most stable compound at high temperature
(melting point of 1400 °C), which has a polar whitlockite-type crystal structure containing
fourfold-coordinated V (indirect gap, Eg ~ 3.34-3.4 eV) [60]. For CayV,07 (melting point
of ~1010 °C) and AIVOy (melting point of ~745 °C), the values of the energy gap width
(direct gap) Eq are ~2.67 and ~3.4-3.6 eV, respectively [44,61,62]. Therefore, both the direct
and indirect allowed transitions were considered while estimating the E¢ values (Figure 5,
Table 1).
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Figure 5. Diffuse reflectance UV-Vis spectra of 5%V /C12A7 sample calcined at 600 °C (a) and 800 °C
(d). Dependences of (F(R)-E)? and (F(R)-E)?® on E characterizing the energy gap width E¢ (direct and
indirect) for 5%V /C12A7 sample calcined at 600 °C (b) and 800 °C (e). Diffuse reflectance UV-Vis
spectra of 10%V /C12A7 sample calcined at 600 °C (c) and 800 °C (f).

In order to reveal the possible vanadium species from groups (1-4), an additional
reference sample 5%V /Al,O3 was prepared via the same procedures as described for
C12A7. The results of the UV-Vis spectroscopic characterization for this sample are shown
in Figure 6. The E, value (direct allowed transition) of ~3.44 eV for 5%V / Al,O3 corresponds
mainly to the isolated VO, species along with the ultimate absence of V,05 particles [63].
By comparing the spectra in Figures 5a and 6a, it can be concluded that in the case of
5%V/C12A7, vanadium is present as Caz(VOy),. Note that the E; values exceed the
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experimental data known for Ca3(VOy), (Table 1, Figure 7). However, taking into account
the small sizes of the particles, the results reported here can be considered as consistent
with the published ones.

Table 1. The estimated values of Eg for the 5%V /C12A7 and 10%V /C12A7 samples.

T =600 °C T =800°C
Sample Assignment
Indirect Direct Indirect Direct
5%V /C12A7 3.68 42 3.86 4.3 Caz(VOy),
10%V/C12A7 3.53 4.05 3.6 4.17 Ca3z(VOy),
10%V/C12A7 * 2.71 3.09 - - Cay V07
* the calculation was performed using the band edge (Figure 5c¢) for the 10%V /C12A7 sample (3.49 eV, 355 nm).
35
] 5%VIAI,0,(600) (a) 30.000 {s%wviai 0 E00) S |(b)
30 25000 3 I
T o .\'\'1’4"‘/'
25 ] Ao
5 20,000 a
20 o ]
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Figure 6. Diffuse reflectance UV-Vis spectrum of 5%V / Al,O3 reference sample calcined at 600 °C
with the bands after deconvolution in accordance with [63] (a). Dependence of (F(R)-E)? on E
characterizing the energy gap width (direct allowed transition) Eg (b).

[, = s
4.2 T2V
404 "
3.8 ‘%0 5%V
08 I R
a ~34¢e
- 3.4- 3 472 T3
3.2
4{ = _ ® - indirect
3.0 m - direct
281 o Ca,V,0,~2.67 eV
2.6

660 ' 650 ' 760 ' 750 ' 8(')0 ' 850 ' 9(')0
Temperature, °C
Figure 7. The energy gap width Eg values (direct and indirect allowed transitions) for 5%V /C12A7

(blue) and 10%V /C12A7 (red) in comparison with the experimental data for Caz(VOy), (O) [60] and
Ca2V207 (D) [44].

For the sample of 10%V /C12A7 (Figure 5c), considering the results of XRD and Raman
spectroscopy regarding the presence of two phases, Ca;V,07 and Caz(VOy)y, the Eg values
were defined for two bands—the absorption edges for Caz(VOy); (4.615 eV, 268.7 nm) and
for Ca,V,07 (3.49 eV, 355.3 nm).

As seen from Figure 5¢,f, calcination of 10%V /C12A7 at 800 °C leads to the predomi-
nant rearrangement of the spectrum accompanied with a decrease in intensity of the charge
transfer band and disappearance of the bands related to Cap;V,O;. For 5%V /C12A7, the
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changes with regard to the initial sample are represented by an insignificant increase in the
E¢ values for both the transition types and by a decrease in the characteristic half-width of
the charge transfer bands from ~0.82 eV to ~0.75 eV (Figure 5a,d). The observable effect
can be explained by the disappearance of other disordered impurity phases of group (5),
which are not connected with Caz(VOy),.

3.4. Temperature-Programmed Reduction of Pure Mayenite and Vanadia-Mayenite Composites

Temperature-programmed reduction of the studied samples was performed in a
hydrogen medium. This technique is commonly used to characterize bulk materials and
supported catalysts, as it provides important information on their reducibility. In order to
study the reproducibility of the reduction behavior, the samples were re-oxidized in air after
each reduction step. The obtained TPR-H; profiles are presented in Figure 8. In the case of
pure mayenite (Figure 8a), the TPR-Hj profile initially contains one hydrogen uptake peak
at ~550 °C with a shoulder at ~600 °C. The total hydrogen uptake value was calculated
to be 0.288 mmol/g (Table 2). Such a value presumably corresponds to the reduction of
various reducible oxygen-containing species in mayenite with the possible incorporation
of hydride ions into the mayenite structure. As reported by Ruszak et al. [2], the TPR-H,
technique allows reduction of the surface species only. This corresponds to an uptake
of ~10 umol/g. At the same time, the complete reduction requires about 1 mmol/g of
hydrogen. Intiso et al. [12] used various preparation methods to obtain mayenite and found
that the hydrogen uptake values can reach 1.19 mmol/g. The shape of the TPR-H, profiles
observed by other researchers is similar to the profile (1) in Figure 8a. Therefore, it can be
concluded that the C12A7 sample prepared in the present work possesses high dispersity.
In subsequent redox cycles, the sample demonstrates reproducible reduction behavior.
One broad peak appears in a temperature range of 500-630 °C. The lower hydrogen
consumption values (Table 2) indicate that the conditions used for the re-oxidation of partly
reduced mayenite do not provide the formation of oxygen species, which are present in the
initial (as-prepared) state.

. |C12A7 (a) 5%VIC12A7 (b) 10%VIC12A7 (c)

!
695
5 665,

1565 !

625

Hydrogen uptake, a. u.

Hydrogen uptake, a. u
Hydrogen uptake, a. u

T T T T T T T T
300 400 500 600 700 300 400 500 600 700 300 400 500 600 700
Temperature, °C Temperature, °C Temperature, °C

Figure 8. TPR-H; profiles for the studied samples: (a) C12A7; (b) 5%V /C12A7; (c) 10%V /C12A7.
The number of redox cycles is written above each curve.

Table 2. Hydrogen uptake in TPR-H, experiments for pure mayenite and vanadia-mayenite composites.

Hydrogen Uptake, mmol/g

Number of Redox Cycles
C12A7 5%V/IC12A7 10%V/C12A7
1 0.288 1.018 1.097
2 0.129 0.517 0.815
3 0.128 0.382 0.726
4 0.114 0.416 0.740
5 0.081 0.346 0.721
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The addition of vanadium to mayenite changes the situation significantly. Thus, for
the as-prepared 5%V /C12A7 sample, the TPR-H; profile is represented by one large peak at
~630 °C with two shoulders at ~580 and ~680 °C (Figure 8b). Assuming that all vanadium
in the sample is in the V°* state, the reduction process V>* — V3* requires 0.943 mmol/g
of hydrogen. At the same time, the calculated value of hydrogen uptake of 1.018 mmol/g
(Table 2) is slightly higher than the theoretical value. This indicates that the oxygen species
of mayenite also participate in the reduction process. Starting from the second redox cycle,
just one peak appears at ~570 °C. According to the literature, such a behavior corresponds
to the reduction of well-dispersed VO,>~ species [64]. The shift in the hydrogen uptake
peak along with the decrease in the H, consumption values in the 2nd-5th cycles (Table 2)
indicate the strengthened interaction of vanadium species with the mayenite framework
and the formation of the Ca3(VO4), phase discussed above.

Figure 8c shows the TPR-H, profiles for 10%V /C12A7. In the first cycle, this sample
behaves similarly to 5%V /C12A7. However, in this case, the calculated value of hydrogen
uptake is lower than the theoretical value of 1.818 mmol/g (Table 2). This means that about
40% of vanadium is represented by hardly reducible species. It was previously reported that
an increase in the vanadium content results in a shift in the hydrogen uptake area toward
higher temperatures [65,66]. In our case, according to the XRD data [31], two types of
calcium vanadate phases (Caz(VOy); and Cap V,0y5) are present in the 10%V/C12A7 sample
with an estimated weight ratio of 1:2. As known from the literature, the orthovanadate
phase Ca3(VOy), reduces easier if compared with the pyrovanadate phase Ca;V,07 [67].
Considering this, the large peak at ~625 °C can be assigned to the reduction of Ca3(VOy4),
and the shoulder at ~555 °C seems to be the overlapped peak of the mayenite reduction.
The reduction of the Ca,;V,0Oy phase is expected at temperatures near 700 °C. Its presence
is evidently seen in subsequent redox cycles at ~665 °C. Dasireddy et al. [65] reported that
vanadium oxide V,Os is less reducible if compared with the pyrovanadate phase. Therefore,
two other peaks appearing at ~565 and ~695 °C can be attributed to the Ca3(VOy); and
V705 phases, accordingly. It is important to note that the profiles of the 2nd-5th redox
cycles are reproducible in shape, and the hydrogen consumption values are stabilized at a
level of ~730 mmol/g.

3.5. Catalytic Activity of Vanadia-Mayenite Composites in Ethane Dehydrogenation

Vanadium-containing oxide systems are traditionally attractive as catalysts for the
dehydrogenation processes. In the present work, the vanadia-mayenite composites were
examined in non-oxidative ethane dehydrogenation. Due to endothermicity of this reaction,
remarkable values of the ethane conversion can be observed at 600 °C and above. The
temperature dependences of the ethane conversion, ethylene selectivity, and yield for the
5%V /C12A7 and 10%V /C12A7 samples are compared in Figure 9a. As seen, the yield
curves are practically coincident. It can be supposed that both samples, despite the double
difference in vanadium loading, contain nearly the same amount of active species. Recently,
Zhang et al. [25] reported that the catalysts containing isolated VO tetrahedra showed
improved activity and stability in comparison with the catalysts with the polymerized VOx
species. On the other hand, it is known that an increase in vanadium loading can lead
to the formation of such polymerized vanadium oxide or vanadate species. In our case,
Raman spectroscopy demonstrated that the 5%/C12A7 sample contains the Ca3(VOy),
phase only. At the same time, according to the results of XRD and Raman spectroscopy,
both the Ca3(VOy4), and CayV,0O7 phases are detected for the 10%V /C12A7 nanocomposite.
In addition, the intensity of the Raman band at 1128 cm~!, which is attributed to the
stretching vibration of O, ~, is lower for 10%/C12A7 if compared with 5%V /C12A7. The
lower amount of the active O, species can supposedly be responsible for the lower specific
activity of the high-loaded sample.
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Figure 9. (a) Catalytic performance (ethane conversion, ethylene selectivity, and yield) of 5%V /C12A7
and 10%V/C12A7 in a model reaction of ethylene dehydrogenation. (b) Dependence of ethylene yield
on time on stream for the V5%/C12A7 and V10%/C12A7 samples in comparison with a reference
sample 5%V /MgO [28].

The results of the durability tests carried out at 700 °C are presented in Figure 9b. As
seen, both the V/C12A7 exhibit comparable and stable catalytic performance. Additionally,
the same data for a recently reported 5%V /MgO system [28] are plotted in the graph. Note
that the reference sample was studied at a lower temperature (650 °C). A rapid deactivation
within first six hours is observed for this sample, which is assumedly caused by the coke
formation. Therefore, the V/C12A7 composites look very promising in terms of their
activity and stability in dehydrogenation processes.

Figure 10 compares the photographs (appearance) of the fresh (as-prepared), reduced
(after TPR-Hy), and spent (after catalytic tests) 5%V /C12A7 samples and the spent reference
5%V /MgO sample. As follows from Figure 10a, the as-prepared 5%V /C12A7 sample is
colored from white to yellowish. Being subjected to the reduction in TPR-H; cycles, the
sample changes its color to dark grey (Figure 10b). Another specimen of the fresh sample
tested in the ethane dehydrogenation reaction for 6 h has a light grey color (Figure 10c).
This indicates the lower reducibility degree of the sample under the reaction conditions
if compared with that under the TPR-H, conditions. Contrary to 5%V /C12A7, the spent
reference 5%V /MgO sample is colored in black (Figure 10d). Such a color is caused by the
carbon deposits and confirms the supposition about the reasons for the catalyst deactivation
observable in Figure 9b. An increase in the reaction temperature is known to facilitate coke
formation. Therefore, the light grey color of the spent 5%V /C12A7 catalyst is an evident
illustration of its tolerance toward the deactivation caused by coking. This uniqueness of
the vanadia-mayenite composite can be considered key to the development of a new class
of dehydrogenation catalysts based on mayenite.

() (b)

Figure 10. Cont.
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References

(c) (d)

Figure 10. Photographs of the 5%V /C12A7 sample ((a) as-prepared; (b) after TPR-Hj; (c) after
catalytic tests in ethane dehydrogenation) and a reference sample 5%V /MgO after catalytic tests in
ethane dehydrogenation (d).

4. Conclusions

The spectroscopic characteristics of pure mayenite and vanadia-mayenite nanocom-
posites were obtained using Raman and diffuse reflectance UV-Vis spectroscopies. Both
the techniques confirmed the presence of calcium vanadates Ca,V,07 and Ca3(VOy); in
the high-loaded sample 10%V /C12A7. The low-loaded sample 5%V /C12A7 contained
predominantly the orthovanadate phase. These data correlate well the XRD results reported
recently. The reducibility of the samples in consecutive redox cycles was studied by the
TPR-H; method. The stable reduction behavior was observable starting from the third
cycle. The multi-peak shape of the TPR-H, profiles was connected with the incomplete
reduction of mayenite and the reduction of the mentioned vanadium species. Testing the
V-containing samples in catalytic ethane dehydrogenation revealed that the vanadium load-
ing in the catalyst did not affect the ethylene yield. Both the samples exhibited very similar
catalytic performance, which can be explained by the comparable amount of Caz(VOy),
species present in the samples. Moreover, both the samples demonstrated excellent stability
during the durability tests, showing no deactivation caused by coke formation. Such a
feature of the vanadia-mayenite nanocomposites can be useful to create a new class of
dehydrogenation catalysts.
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