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Abstract

:

Calcium aluminates (CA) with a mayenite structure have attracted a growing interest during the last decades. The present paper reports the preparation of vanadia-mayenite composites performed via an impregnation of pure CA with ammonium vanadate solution. The properties of the prepared materials were explored by a low-temperature nitrogen adsorption/desorption technique, X-ray diffraction analysis, transmission electron microscopy, and spin probe method. As revealed, the addition of vanadium significantly affects the textural properties and the porous structure of mayenite. The blockage of micropores by vanadium species is supposed. The spin probe electron paramagnetic resonance technique based on the adsorption of 1,3,5-trinitrobenzene, phenothiazine, and diphenylamine has been applied to study the active sites on the surface of the composite samples. The results demonstrated an increase in the concentration of weak electron-acceptor sites when the vanadium loading was 10 wt%. X-ray diffraction analysis and transmission electron microscopy studies showed that the composites consist of few phases including mayenite, CaO, and calcium vanadates.
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1. Introduction


Calcium aluminates of different stoichiometry have been widely known for a long time, as they attract an attention of researchers and manufacturers as a component of cement mixtures [1]. The calcium aluminates of 12CaO∙7Al2O3 stoichiometry (usually labeled as C12A7) and the crystal structure of mayenite are of special interest. Such an increased attention to this class of materials is stimulated by their unique electrophysical and chemical properties discovered by the Prof. Hosono’s group [2,3,4,5]. These materials possess a stable cationic framework [Ca24Al28O64]4+ and a changeable anionic sublattice 4∙X− [6]. Therefore, both the chemical and electrophysical properties of these aluminates can be easily changed in a wide range via an exchange of the X− anion. For instance, the X− anion can be H−, O−, O2−, O2−, OH−, Cl−, F−, and e−. In other words, materials with the mayenite structure are opposite version of zeolites, when the positive charge of the framework is compensated by the negative charge of the relatively mobile anionic sublattice, where the exact positions of the ions are not fixed [7]. These ions can occupy the positions from a huge number of the proper vacancies. This naturally leads to the polarization of the surface and the appearance of active sites with an increased chemical activity. Stabilization of the radical oxygen species over the mayenite lattice is of considerable interest for potential use as a catalyst or support for oxidation processes.



Most papers devoted to the preparation of mayenite-based materials have used a solid-phase synthesis method involving sintering at high temperatures. The main disadvantage of this approach is that the obtained mayenite samples are characterized by a low specific surface area, and therefore they are poorly suited to be used as catalysts or their supports. Meza-Trujillo et al. have produced a high surface area mayenite of 74 m2∙g−1 using an assisted solution combustion synthesis from a mixture of calcium aluminates and aluminum in the presence of oxalic acid [8]. As we have reported recently, the highly dispersed calcium aluminates can be synthesized by the decomposition of mixed calcium and aluminum hydroxides covered with carbon [9,10]. This technique is also efficient for the preparation of a nanocrystalline mayenite with surface area of 60 m2∙g−1 and above, when the reaction between calcium oxide and aluminum hydroxide followed by the calcination in air was utilized [11].



The preparation of the mayenite-based composites is often performed via doping of pure mayenite with various cations, which introduction allows tuning the properties of C12A7 and widening the areas of its application [12,13]. For instance, the doping of mayenite with Tb makes it possible for applications in radiation measurements [14]. The introduction of Eu into the mayenite structure strongly affects its optical properties [15,16]. The resulting materials are shown to be attractive for application in X-ray radiation detection, solid-state lighting, and coating of the buildings’ facades. Teusner et al. reported that the doping of mayenite with such cations as iron or nickel does not noticeably affect the oxygen surface exchange and oxygen tracer diffusion in mayenite [17]. On the other hand, Ruttanapun et al. have found that the substitution of Al3+ sites in mayenite with Fe3+ affected its thermal and optical properties [18]. Ni-doped mayenite exhibits promising catalytic properties for the steam reforming of raw syngas [19]. An increase in catalytic activity of the Cu-doped C12A7 systems is also reported in the literature [20,21].



Despite the mentioned works, the vanadia-mayenite composite systems are rarely studied. At the same time, V-containing TiO2, SiO2, Al2O3, MCM-41, etc., are widely applied in various industrially important processes including dehydrogenation of light hydrocarbons [22,23,24,25,26]. The oxidation state of vanadium is important for these processes since it defines the catalytic activity of the catalysts. In these terms, the introduction of vanadia into the mayenite structure is expected to stabilize the vanadium oxidation state and provide the long-term activity of the dehydrogenation catalyst.



Most of the oxide materials contain specific sites on their surface. The concentration of these sites can be very low, and the conventional characterization techniques are often not sensitive enough to measure them precisely. In this turn, a spin probe electron paramagnetic resonance (EPR) method is advantageous to explore such active sites on the surface of various types of materials [27,28,29]. Along with this, the spin probe EPR method is applicable for testing the highly active sites such as radical forms of oxygen [30,31], electron-acceptor sites capable to detaching electrons from aromatic spin probes [32,33,34], and electron-donor sites capable of releasing electrons to aromatic nitrocompounds [33,35]. As reported in the works mentioned, all of these sites play a crucial role in a number of chemical and catalytic reactions. It is worth noting that besides the electron-donor and electron-acceptor sites observed over the surface of many highly dispersed oxide materials, another exceptional type of site, probably of a radical nature, was discovered for mayenite. These sites generate nitroxyl radicals at the adsorption of diphenylamine [10].



The presence of the active oxygen radicals on the surface of mayenite activated in air stipulates an interest to prepare and explore the nanocrystalline mayenite modified by addition of vanadia. Vanadium species supported over various oxide carriers are intensively studied within the composition of catalysts for several processes [36,37,38,39,40]. Therefore, the present work is focused on the synthesis of the vanadia-containing composites based on calcium aluminate with a structure of mayenite. The prepared V/C12A7 samples were explored by a set of physicochemical methods for the first time. Here, the characterization data obtained by low-temperature nitrogen adsorption/desorption technique, X-ray diffraction analysis, and high-resolution transmission electron microscopy are reported. The active sites present on the surface of pure mayenite and vanadia-mayenite composites were investigated using a spin probe EPR technique. The optical properties of the samples, their reduction behavior as well as catalytic properties will be reported subsequently.




2. Materials and Methods


2.1. Preparation of the Materials


In the present work, to obtain the highly dispersed mayenite in an aqueous medium, highly dispersed aluminum and calcium hydroxides were used as precursors [11]. Calcium hydroxide was prepared as follows. CaCO3 was decomposed via calcination in a muffle furnace to obtain CaO, which was then dissolved in an aqueous suspension containing pseudoboehmite taken in a required stoichiometric ratio. The typical procedures of the C12A7 synthesis include continuous stirring of the mixture for 10 h. As a result, the joint hydroxide of aluminum and calcium was formed. The sediment was filtered, dried at 110 °C, and calcined at 600 °C under the air atmosphere. The color of the prepared sample was white.



The composite V/C12A7 samples were prepared via an impregnation technique, as was recently described to obtain Ni/C12A7 system [19,41]. The solution of ammonium vanadate NH4VO3 was used for the impregnation. Since NH4VO3 is poorly soluble in water, the dissolution was performed at heating with the addition of ammonia. Thus, 200 mL of aqueous solution containing NH4VO3 and NH4OH in a ratio of 1:5 was stirred at 70 °C until complete dissolution of the ammonium vanadate. Then, 57.5 mL or 115 mL of the obtained solution was added to the specimen of C12A7 (5 g) to prepare 5%V/C12A7 or 10%V/C12A7 samples (with respect to vanadium), respectively. The samples were stirred at 70 °C for 3 h, dried at 90 °C in the air for 24 h, and calcined at 600 °C for 6 h. The color of the prepared samples was light-yellow.




2.2. Characterization of the Samples


The textural characteristics of the samples were studied by a low-temperature nitrogen adsorption/desorption technique. The adsorption/desorption isotherms were recorded using an automatic adsorption analyzer Autosorb-6B (Quantachrome Instruments, Boynton Beach, FL, USA). Before the measurements, the samples were treated by heating in a vacuum at absolute pressure of 1 Pa and temperature of 300 °C for 4 h. The calculations of the specific surface area (SSA), total pore volume (Vpore), and average pore size (Dav) were carried out using an ASWin 2.02 software (Quantachrome Instruments, Boynton Beach, FL, USA).



The active sites on the surface of the prepared materials were explored by an electron paramagnetic resonance technique using 1,3,5-trinitrobenzene (TNB), phenothiazine (PTZ), and diphenylamine (DPA) as spin probes. Before the adsorption of spin probes, the samples were activated by heating at 500 °C for 3 h. The adsorption of spin probes was performed from their solutions in toluene with a concentration of 2∙10−2 M. The EPR spectra were obtained at room temperature using an ERS-221 spectrometer (Center of Scientific Instruments Engineering, Leipzig, Germany).



The phase composition of the samples was investigated by X-ray diffraction (XRD) analysis. The XRD patterns of the samples were recorded in a 2θ range of 10–60° with a step of 0.05° and an accumulation time of 3 sec using a Bruker D8 diffractometer with CuKα radiation (Bruker AXS GmbH, Karlsruhe, Germany). The XRD analysis was made by the Rietveld method using the TOPAS software (Bruker AXS GmbH, Karlsruhe, Germany). The peak broadening in the XRD patterns was used to calculate the average sizes of the crystallites.



The structure and morphology of the samples were studied by a high-resolution transmission electron microscopy (HR TEM). An electron microscope ThemisZ (Thermo Fisher Scientific, Waltham, MA, USA) working with an accelerating voltage of 200 kV and a resolution limit of 0.07 nm. The images were recorded using a Ceta 16 CCD-camera (Thermo Fisher Scientific, Waltham, MA, USA). The elemental mapping was performed using an energy dispersive X-ray (EDX) spectrometer SuperX (Thermo Fisher Scientific, Waltham, MA, USA) with a semi-conductive Si-detector providing an energy resolution of 128 eV. The samples were deposited on the perforated carbon layer located on the copper or molybdenum grids using an ultrasonic disperser. This allowed achieving a uniform distribution of the particles on the surface of the supporting layer. The calculation of interplanar distances was carried out using fast Fourier transform (FFT) patterns using Velox software (Thermo Fisher Scientific, Waltham, MA, USA) and Digital Micrograph (Gatan, Pleasanton, CA, USA).





3. Results


3.1. Textural Properties of the Materials


The prepared pure mayenite and vanadia-containing composite samples were characterized by low-temperature nitrogen adsorption/desorption technique, and Figure 1 presents the adsorption/desorption isotherms for these materials. As seen, all the isotherms belong to Type II, according to the IUPAC classification [42,43]. The hysteresis loop observed for the pure C12A7 sample (Figure 1a) can be assigned to Type H1 [43,44]. At the same time, the addition of vanadium affects the textural properties of mayenite, and the hysteresis loops for the V/C12A7 samples are closer to Type H3. Therefore, it can be supposed that the vanadium species block the micropores of C12A7. The mesopores that remained accessible for the adsorbate are uniform in size and exhibit no percolation effects. Such mesopores are typical of the relatively small agglomerates chaotically oriented from each other.



The textural characteristics of the samples are compared in Table 1. The pure mayenite possesses a relatively high surface area of 73 ± 4 m2∙g−1. The deposition of 5% V diminishes the SSA value by 21 m2∙g−1. The total pore volume drops from 0.20 ± 0.01 to 0.16 ± 0.01 cm3∙g−1, while average pore size grows from 11 ± 0.6 to 13 ± 0.7 nm. Here, the blockage of the micropores with vanadium species can be supposed. When the concentration of deposited vanadium is 10%, the SSA decreases by another 8 m2∙g−1, but the pore volume remains the same. The average pore size for this sample reaches 16 ± 0.01 nm. The pore size distributions for the samples are shown in Figure 2. As seen, the pure C12A7 sample is characterized by a narrow distribution within a pore size range of 5–30 nm. The vanadium addition affects the pore distribution, lowering the contribution of small pores. The distribution maximum shifts to the left, thus indicating that the mesopores undergo modification and narrowing. Along with this, a shoulder within a range of 30–200 nm has appeared. The appearance of macropores testifies towards the distortion of the mayenite structure and the possible local formation of the joint phases, presumably calcium vanadates.




3.2. EPR Study


As recently reported, the spin probe EPR technique can be efficiently applied for the characterization of various active sites on the surface of oxide supports [35,45,46]. It should be noted that all the spin probes used for the examination of such sites by means of EPR contain nitrogen atoms. Therefore, their EPR spectra in the adsorbed state represent three-component signals with hyperfine splitting at one nitrogen atom. The spectra observed after the adsorption of TNB over C12A7 are close to the spectrum of the 1,3,5-trinitrobenzene radical anions, which were recently registered over alumina [35]. As seen from Figure 3a, a hindered triplet signal with g = 2.005 is observed. The hyperfine splitting constant of Azz = 26.5 G does not practically change after the deposition of vanadium. This testifies towards the similarity of the electron-donor sites present on the surface of aluminum oxide and C12A7 samples, pure and vanadia-containing ones. The concentration of the electron-donor sites on the C12A7 surface capable to give an electron to the TNB molecule is estimated to be 0.68∙1018 g−1 (Table 2). The introduction of 5% vanadium does not have any effect on this parameter, while for the 10%V/C12A7 sample, the concentration of the active sites is slightly reduced.



It was found that the sites able to ionize perylene, which are present in a noticeable amount over the alumina surface, are absent in the case of mayenite. At the same time, the weaker electron-acceptor sites ionizing phenothiazine were found on the surface of C12A7 and V/C12A7 samples. Note that the ionization potential of PTZ is 6.73 eV, which allows applying it for the testing of weak electron-acceptor sites [47,48]. For the pure and vanadia-containing C12A7 samples, the adsorption of PTZ gives a triplet signal with a hyperfine splitting constant of Azz = 18 G, which corresponds to the PTZ radical cation (Figure 3b).



The concentration of the weak electron-acceptor sites measured after the adsorption of PTZ on the surface of pure C12A7 was found to be 1.5 times higher than the concentration of the electron-donor sites on its surface (Table 2). The addition of 5% V does not affect the concentration of these sites, while an increase up to 1.33·1018 g−1 is observed in the case of 10%V/C12A7 sample (Table 1).



The ionization potential of DPA is also relatively low. Depending on the estimation techniques, it lies in a range of 7.35–7.48 eV [49]. This allows the DPA molecules to ionize over weak electron-acceptor sites, which exist on the surface of several acidic materials, with the formation of radical cations. However, it is known that DPA forms quite stable diphenyloxyl nitroxyl radicals in the solution in the presence of peroxides [50]. Supposedly, this happens due to the reaction of DPA with hydroxyls formed at the decomposition of peroxides.



The spectrum observed after the adsorption of DPA on the samples of pure mayenite and vanadia-mayenite composites is represented by a triplet with a constant Azz = 16 G. This triplet can be attributed to the diphenyloxyl nitroxyl radicals adsorbed on the surface of the samples (Figure 3c). The formation of the radicals testifies towards the existence of a noticeable concentration of radicals on the surface of the highly dispersed mayenite samples, which are capable of detaching the hydrogen atom from the nitrogen atom of the spin probe molecule. These surface radicals can be O−, OH or O2−. The introduction of 10% V slightly increases the concentration of such sites (Table 2).




3.3. XRD Study


Powder X-ray diffraction analysis is more informative in terms of the possible formation of the vanadium-mayenite joint phases. Figure 4a shows the XRD patterns for the C12A7 and 10%V/C12A7 samples. The pattern for γ-Al2O3 is given for comparison. In the case of pure C12A7 sample, the nanocrystalline mayenite phase predominates and reaches ~70 wt%. The residual phase is CaO. The average sizes (Dc) of the mayenite and CaO crystallites are of ~15 and ~12 nm, respectively. The dashed line illustrates the reflection position for the α-Al2O3 phase, which also appears in the patterns of the studied samples. The presence of the simple oxides (CaO, Al2O3) is supposedly connected with their incomplete reaction during the synthesis procedures.



The performed XRD analysis of 10%V/C12A7 sample (Figure 4b) has revealed that the pattern, in addition to the reflections assigned to nanocrystalline mayenite (Dc~14 nm), CaO (Dc~9 nm), and Al2O3, contains the reflections corresponding to calcium vanadates Ca2V2O7 (Dc~20 nm) and Ca3(VO4)2 (Dc~20 nm). It is important to note that the intensities of the reflections assigned to mayenite and CaO are decreased if compared with pure C12A7. The weight ratio was quantitatively estimated to be 50/14/24/12 for the phases mayenite/CaO/Ca2V2O7/Ca3(VO4)2, respectively. Therefore, it can be supposed that calcium vanadates are predominantly formed due to the interaction of CaO with NH4VO3. Mayenite can also participate in the vanadates formation, but its contribution is significantly lower. Such a conclusion is evident from the changes in weight ratio as from the observed decrease in average size of the crystallites. Thus, the mayenite crystallites are just slightly diminished in size from 15 to 14 nm, while the size of the CaO nanoparticles is changed from 12 to 9 nm. Most likely, the impregnation of mayenite with an aqueous solution of NH4VO3 leads to the modification of mayenite structure with vanadium ions, which is seen as an increase in the lattice parameter from 12.004(2) Å to 12.052(3) Å. On the other hand, the formation of larger particles of calcium vanadates can be responsible for the changes in textural characteristics, described in Section 3.1.




3.4. TEM Study


According to the HR TEM and EDX data (Figure 5), the vanadia-mayenite composite 10%V/C12A7 consists of a mixture of oxide particles of various morphologies. First of all, the laminated particles consisting of calcium and vanadium cations should be mentioned. The stoichiometric formula of these particles is estimated as Ca4V2O9, which corresponds to a mixture of the CaO and Ca3(VO4)2 phases. The size of this structural type is varied in a wide range from a few tens nm to a few microns. The crystallites composing these particles are located chaotically, thus forming a porous structure with a pore size of about 1 nm. The second type of the particle is also of a platelet shape and similar size. However, the chemical composition calculated from the EDX data gives the cation ratio Ca/Al of 34/20, which is close to the mayenite composition (Figure 5b). The third type of particle is represented, according to the EDX results, by aluminum oxide (Figure 5c). Their size lies in a range from 100 nm to few microns. The primary crystallites composing these particles are of ~10 nm in size. Being agglomerated, they also form a porous structure with the pores of 1–5 nm in size. The smaller particles of the former phases are located on the surface of the aggregated particles.



The analysis of the interplanar distances (Figure 6) revealed that the vanadium-containing particles can be assigned to the Ca4V2O9 phase (#PDF 48-538). These well-crystallized particles contain pores of 1–3 nm in diameter chaotically distributed on the surface (Figure 5d). The EDX elemental mapping presented in Figure 7 shows the uniform distribution of aluminum, calcium and vanadium within the particle of vanadia-mayenite composite.





4. Conclusions


The textural, surface, and structural properties of the vanadia-mayenite composites are reported here for the first time. It was found that the introduction of vanadium changes the porous structure of mayenite. The micropores are being blocked with vanadium species and the hysteresis loop observed in the low-temperature nitrogen adsorption/desorption isotherms transforms from Type H1 to Type H3. The SSA value decreases from 73 ± 4 m2∙g−1 for pure mayenite to 40 ± 2 m2∙g−1 for 10%V/C12A7 composite. The surface properties, which are defined by the presence of various active sites (electron-donor, electron-acceptor, etc.), are also slightly affected by the addition of vanadium. Thus, the adsorption of phenothiazine and diphenylamine served as spin probes for the EPR detection of weak electron-acceptor sites has revealed an increased concentration of these sites from (0.71 ± 0.14)·1018 g−1 to (0.97 ± 0.20)·1018 g−1 and from (0.93 ± 0.19)·1018 g−1 to (1.33 ± 0.27)·1018 g−1, respectively, when the V loading was 10 wt%. The XRD studies showed that the V/C12A7 samples contain nanocrystalline mayenite particles of ~14 nm in size, CaO particles of ~9 nm in size, and Al2O3. Additionally, the reflections corresponding to calcium vanadates Ca2V2O7 and Ca3(VO4)2 were registered. The average particle size of calcium vanadates was found to be ~20 nm. The exploration of the samples by the high-resolution TEM combined with EDX elemental mapping confirms the presence of the mentioned phases and illustrates their uniform distribution within the material.
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Figure 1. Low-temperature nitrogen adsorption/desorption isotherms for C12A7 (a); 5%V/C12A7 (b); and 10%V/C12A7 (c) samples. 
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Figure 2. Pore size distributions for C12A7, 5%V/C12A7, and 10%V/C12A7 samples. 
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Figure 3. Spin probes and EPR spectra observed after their adsorption over C12A7 (1); 5%V/C12A7 (2); and 10%V/C12A7 (3) samples activated at 500 °C: 1,3,5-trinitrobenzene (a); phenothiazine (b); and diphenylamine (c). Designation of the atoms: carbon (grey); hydrogen (white); nitrogen (blue); oxygen (red); sulfur (yellow). 
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Figure 4. Powder XRD patterns of C12A7 and 10%V/C12A7 samples (a); XRD analysis of 10%V/C12A7 sample (b). 
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Figure 5. HR TEM images of 10%V/C12A7 sample: (a,b) mayenite particles; (c) alumina-rich particles; (d) calcium vanadate particle. 
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Figure 6. The FFT patterns of 10%V/C12A7 sample: (a) mayenite particle shown in Figure 5a; (b) calcium vanadate particle shown in Figure 5d. 
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Figure 7. TEM image (a) and EDX elemental mapping (b–e) of the vanadia-mayenite composite particle. 
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Table 1. Textural characteristics of C12A7, 5%V/C12A7, and 10%V/C12A7 samples.
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	Sample
	SSA, m2∙g−1
	Vpore, cm3∙g−1
	Dav, nm





	C12A7
	73 ± 4
	0.20 ± 0.01
	11 ± 0.6



	5%V/C12A7
	52 ± 3
	0.16 ± 0.01
	13 ± 0.7



	10%V/C12A7
	40 ± 2
	0.16 ± 0.01
	16 ± 0.8
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Table 2. Concentration of the active sites (1018 g−1) over C12A7 and V/C12A7 samples measured by a spin probe EPR technique.
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Spin Probe

	
Sample




	
C12A7

	
5%V/C12A7

	
10% V/C12A7






	
Diphenylamine

	
0.71 ± 0.14

	
0.64 ± 0.13

	
0.97 ± 0.20




	
Phenothiazine

	
0.93 ± 0.19

	
0.92 ± 0.18

	
1.33 ± 0.27




	
1,3,5-Trinitrobenzene

	
0.68 ± 0.14

	
0.69 ± 0.12

	
0.58 ± 0.12
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