A Simplified Method to Synthesize Pure Vanadium Silicate Analogue of ETS-10
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Abstract
High purity microporous vanadosilicate (EVS-10/AM-6) has been hydrothermally synthesized by a simple template-free, reducing agent-free method in the absence of titanosilicate ETS-10 seeds. Direct comparison between EVS-10 and ETS-10 showed successful isomorphous substitution of titanium with vanadium in the framework. The existence of vanadium is confirmed by energy dispersive X-ray spectroscopy and inductively coupled plasma mass spectrometry. The scan electron microscopy and the X-ray diffractometry show similar crystal morphology and similar molecular structure between the as-synthesized material and the ETS-10. Preliminary results indicate a similar internal surface area to ETS-10. Similar to ETS-10, EVS-10 may be useful for semiconductor and other electronic applications. This new simplified synthesis method may allow the economical production of EVS-10/AM-6 for quantum wire and other applications.
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1. Introduction
     Stable microporous materials such as molecular sieves have many applications in catalysis [1, 2], adsorption [3 - 5], ion exchange [6, 7], liquid separation and gas separation [8 - 12]. In addition to these traditional uses Engelhard Titanium Silicate (ETS)-type molecular sieves have shown potential in electronic applications such as quantum wires, where they act as semiconductors in photocatalysis [13]. Among mixed coordination molecular sieves, the best-characterized example is ETS-10, a microporous titanosilicate with a tetrahedral/octahedral framework with a wide pore size range and high thermal stability [6]. ETS-10 framework consists of infinite chains of six-coordinated titanium and four-coordinated rings of silicon linked by corner-sharing atoms of oxygen. Titanium chains carry two negative charges, which are balanced by sodium and potassium cations; this leads to a high cation-exchange capacity. The infinite -O-Ti-O-Ti-O- chains are surrounded by a silicate ring structure; this leads up to the formation of diffused charged rods that impart some of the interesting properties of the mixed coordination molecular sieves. There are no point charges available to molecules adsorbed in the structure. Guest molecules are exposed to a somewhat diffused charge. ETS-10 structure allows for framework atom substitution; replacement of titanium with other atoms such as vanadium, zirconium or iron. 
     A novel application of ETS-10 is as a semiconductor in quantum wires, due to the presence of oxygen-titanium chains in its structure [14, 15]. Quantum wires are an electrically conducting wire in which the effect of quantum dominates the transport properties. Among them, the semiconductor quantum wires are the most widely used. Due to the similarities between ETS-10 and EVS-10 structure, it is predicted that pure vanadosilicate (EVS-10) may also be useful as a semiconductor or optoelectric material. The properties of materials such as EVS-10 and ETS-10 may be manipulated by the addition of other atoms that modulate the electrical behaviour of the material.

     Kuznicki et al. was the first to demonstrate that many types of octahedral and tetrahedral atoms could be easily integrated into the ETS-10 type structure [6]. These materials are dubbed EXS. The structure of ETS-10 has been elaborated by Anderson et al. [16, 17]. Rocha et al. [18] was the first to report complete substitution of vanadium into an ETS-10 structure. The material was dubbed as AM-6. We refer to this material as EVS-10 not only because it is isostructural with ETS-10 but also to systematize further expected framework substitutions such as tetrahedral aluminum for some of the silicon, which would result in EVAS-10 which will be analogous to ETAS-10 [19]. The synthesis method [18] involved the use of ETS-10 seeds in order to induce a similar structure to ETS-10. The structure contains hexacoordinated vanadium and titanium chains surrounded by tetrahedral silicate rings. AM-6 has been synthesized from ETS-10 seed crystals, which affect the purity of the product and might restrict its application and complicate its characterization. Generally, it is common to use the seed crystals of the desired material in order to direct the structure towards the desired zeolite phase. The particle size distribution of the product can be manipulated to some degree by adjusting the seed concentration [20, 21]. Since the mechanism of crystal formation during synthesis of the seeded AM-6 is still unknown, its particle size distribution cannot as yet be controlled. Using ETS-10 seeds in the AM-6 synthesis has also compromised the ability to control the final product characteristics due to the existence of titanium atoms in AM-6. It is therefore useful to produce seed-free products. 
     The first synthesis of unseeded vanadosilicate was reported by Ismail et al. [22] using a structure-directing agent. These authors used tetramethylammonium hydroxide (TMAOH) or tetramethylammonium bromide (TMABr) as templates. The use of templates has the advantage of directing the structure formation but it substantially increases synthesis costs. In addition, removing templates from the frameworks by pyrolysis can damage the structure. Shuvo Jit Datta et al. [23] reported the synthesis of an unseeded AM-6 using ethanol as a reducing agent. As the source of vanadium, the authors used vanadium pentoxide V2O5  which is toxic and difficult to handle [24]. Vanadium pentoxide has very low solubility in water (solubility around 0.8%) [24] which can cause inhomogeneity in the synthesis gels and can effect on the uniformity of the final product.
     Here, we report the first synthesis of unseeded, template-free, reducing agent-free vanadosilicate analogue of ETS-10, dubbed EVS-10. The as-synthesized material has been developed through a simplified hydrothermal synthesis method using vanadyl sulphate, the most common type of vanadium salt, as the vanadium source. An advantage of vanadyl sulfate (over vanadium pentoxide) is its high water-solubility, which can result in more homogenous synthesis gels leading to the formation of more uniform crystals. Previous methods produce substantial amount of quartz, whereas the simplified synthesis method described in this report can produce essentially pure, quartz-free material. 
2. Experimental
     About 300-600-nm-sized vanadium silicate analogue of ETS-10 crystals were prepared by hydrothermal synthesis using vanadyl sulfate as the vanadium source. The gel was obtained in two steps. In the first step sodium silicate solution (28.8wt% SiO2, 9.14wt% Na2O, Fisher Scientific) was mixed with distilled water and stirred to homogenize. Sodium hydroxide (99wt%, Fisher Scientific), potassium chloride (99wt%, Fisher Scientific), sodium fluoride (99wt%, Fisher Scientific), and sodium chloride (99wt%, Fisher Scientific) were added to the mixture. In the second step, a solution containing vanadyl (IV) sulfate hydrate was obtained from Acros. Organics and distilled water were mixed together under strong stirring to obtain a green gel. At the end, the gel with molar compositions of xNa2O:yK2O:zSiO2:0.05V2O5:wH2O:nF, where x=0.7-2.2, y=0.1-0.4, z=1.0-2.5, w=30-40, and n=0.1-0.5 was stirred to homogenize for 2 hours. The final product is EVS-10 along with quartz and some other impurities. In order to get the purest vanadium silicate, we added 32g Na2SiO3, 12g H2O, 0.5 g NaOH, 2.0g KCl, 1g NaF, 4.1g NaCl to 3.06g VOSO4(H2O, 12g H2O. This results in a gel with molar composition of 1.44Na2O:0.19K2O:2.2SiO2:0.11V2O5:35H2O:0.34F. The initial pH of the mixture was between 10.2-10.4 as measured using a Fisher scientific pH meter model 720 A (accuracy 0.02 pH units). Following this step, the gel was left to age under static condition at room temperature for 2-4 days depending on the sodium silicate amount in the parent gel. Syntheses were carried out in 700 ml Teflon-lined stainless steel autoclaves under autogenous pressure at 200-230 (C for 7-10 days. Then the autoclave was removed from the oven and quenched at room temperature with cold water. Then the product with the purple color was washed with distilled water several times and dried at 80 (C overnight.  

     In order to investigate the impact of vanadium purity on the structure and lower the synthesis cost, we used vanadyl sulfate with different degrees of purity (i.e. 17-23%, 96%, 99.9% vanadium). We also studied the effect of ETS-10 seed crystals and the effect of aging on the molecular structure of the as-synthesized material.
     X-ray powder diffraction (XRD) patterns were acquired by a Rigaku Ultima IV unit equipped with a D/Tex detector, with Fe filter. The results were obtained with Co K wavelength with the average wavelength of 1.790260 A˚ (Cobalt tube 38 kV, 38 mA). Samples were run from 5 to 90 degrees on a continuous scan using a top-pack mount at a speed of 2 degrees 2-( per minute with a step size of 0.02 degrees. The data interpretation is done using JADE 9.1 equipped with 2011 ICDD database.
     Field emission scanning electron microscope (FE-SEM) images were captured using JEOL 6301F with the accelerating voltage of 5.0 kV, beam current of 20 A, and working distance of 6 or 10 mm. In order to consider a sample for Beam Microscopy, they must be electrically continuous. Therefore all the samples were grounded to the stub with a graphite sticky pad and carbon paint, then gold coated with 2-5 nm (< 50 A˚ ) using a Nanotech SEM Prep 2DC sputter coater to prevent charging and distortion. Energy dispersive X-ray spectroscopy (EDX) measurements were obtained on a Zeiss EVO MA 15LaB6 filament scanning electron microscope that is equipped with an EDX system.  EDX acquired with a peltier-cooled 10 mm2  Bruker Quantax 200 Silicon drift detector with 123 eV resolution.
     Thermogravimetric analysis (TGA) was conducted using a TA Q50 TGA. Samples were heated at 100 °C at 10 °C/min under nitrogen flow (40 mL/min) then held isothermally for 15 min to allow moisture removal, and finally heated to 350 °C at 5 °C/min. Isothermal mode allows to distinguish the mass loss due to the surface water. The particle size distributions were measured on a Quantachrome Autosorb-1 instrument. In order to calculate the particle size distribution, the average density of the EVS-10 crystals was measured to be 679 kg/m3. The nitrogen adsorption and desorption measurements were carried out at -196 °C using a Quantachrome Autosorb-1 instrument. The Autosorb-1 has the capability of measuring the adsorbed and desorbed volumes of nitrogen at relative pressures in the range 0.001 to slightly under 1.0. The internal and external surface area and the pore size distribution of the as-synthesized material were measured by Quantachrome Autosorb-1 instrument. The inductively coupled plasma mass spectrometry (ICP) was run on Perkin Elmer’s lan 6000 with ICP RF power of 1300 W under auto lens and dual detector mode. The instrument was set on 4 points calibration curves (0, 0.25, 0.5, 1.00 ppm for Na, K; 0, 0.005, 0.010, 0.020 ppm for V) and the measurement units were cps (counts per sec). The samples were run under 1 mL/min flow rate using 35 Sweeps/Reading, 1 Reading/Replicate and 3 Replicates; ”Dwell times” were 10 ms for Na and 20 ms for K and V. The integration time is equal to ”Dwell times” multiplied by a number of sweeps; i.e. 35(10=350 ms for Na, and 70(10=700 for K and V. The final results were the average of 3 replicates. Since the sample was in powder form it had to be liquefied prior to the ICP analysis. The sample was liquefied using hydrogen fluoride (HF) and nitric acid (HNO3) and hydrogen chloride (HC l).
3. Results and Discussion
     EVS-10 and ETS-10 are considered to have essentially the same molecular structure from their nearly identical XRD patterns (Figure 1). Aging the reaction mixture for a prolonged time at ambient temperature can play an important role in synthesis. Figure 2 shows that without aging, the product can have a substantial fraction of quartz impurity. Aging increases the fraction of EVS-10 in the product while reducing the fraction of quartz. The peak with the asterisk (Figure 2 a-c) represents quartz, which essentially vanishes if synthesis is conducted after 3 days aging at room temperature (Figure 2 d). 

     The initial pH of the parent gel proved to be very critical. The concentration of sodium hydroxide in the synthesis mixture affects nucleation of EVS-10. Typically at 230 (C with x ≥ 2.0, and pH between 10.5-12.5, the crystallization of the synthesis mixtures results in EVS-10 of relatively low purity (Figure 3a-c). As pH is decreased, the products became purer as a result of nucleation of more EVS-10 crystals (Figure 3d-e). The peaks with asterisks in these spectrums represent the main peaks of EVS-10. High quality EVS-10 crystals (i.e. high purity and crystallinity, uniform size of crystals and morphology) are grown from mixtures with a pH between 10-10.5. 
     Fluoride ions introduced into the mixture substantially reduce the amount of quartz observed. These ions act as a mineralizer solubilizing silica and promoting the crystallization of EVS-10. Figure 4a shows the synthesis of EVS-10 in the absence of fluoride, resulting in the formation of substantial amounts of quartz. However, when 0.34 mol fluoride ions per 2.2 moles of SiO2 were added to the mixture the amount of quartz impurity reduced significantly. In addition, the main EVS-10 peaks became sharper, which resulted in the purer, quartz-free final product (Figure 4b).

     Scanning electron microscopy (JEOL 6400) images were taken on gold-coated specimens at 20 kV. The images show several nano-sized, cubic-form structures. The morphology of the EVS-10 crystals is similar to its titanium analogue, ETS-10 crystals (Figure 5). 
     The final product, EVS-10, was also analyzed by transmission electron microscopy (TEM) as shown in Figure 6. TEM analysis is valuable for single nanometer- size crystals [25, 26]. In Figure 6, the c-axis of the square shape particle is oriented perpendicular with the image plane. The straight lines clearly seen in Figure 6 may correspond to the two channels that linked together during crystallization of the EVS-10 structure.

     The parameters obtained by means of the BET isotherm analysis performed in the EVS-10 and ETS-10 samples are summarized in Table 1. Higher external surface area for EVS-10 (vs ETS-10) is attributed to smaller crystal size. These data indicates a slightly larger pore size for EVS-10 compared to ETS-10 but that is yet to be verified by size exclusion adsorptive methods.
     The amount of adsorbed and structural water was examined by TGA. Since adsorbed water is more accessible compared to structural water, it will be eliminated by 100 °C whereas structural water is generally removed at higher temperatures. As shown in Figure 7, the TGA profiles for both ETS-10 and EVS-10 showed similar trends. When heated from 25 °C to 100 °C, both samples lose about 8wt% water, which is attributed mostly to adsorbed water. During heating from 100 °C to 200 °C both samples lose an additional 3wt% water that can be attributed to structural water. The water content for both samples levels off at about 250 °C. In total, both ETS-10 and its vanadium analogue lost about 11 wt% of their total weight due to the moisture loss when heated up to 250 °C.

     Similar to EDX, the ICP results show that the ratio of sodium-potassium to vanadium is approximately 2, which corresponds to V4+ in the molecular framework. Similar to its titanium analogue, the framework of EVS-10 contains monoatomic -O-V-O-V-O- chains made of corner sharing VO6  octahedra. This means that six oxygen atoms surround every vanadium in the framework. Each corner sharing octahedrally coordinated VO6/2 unit links through the apical oxygen atoms, forming linear chains. Each oxygen atom is shared between to vanadium atoms resulting in three oxygen for every vanadium (VO3)2-. Therefore, the two negative charges associated with each vanadium atom indicate an oxidation state +4 for V (see Table 2). This is supported by both EDX and ICP results which strongly suggest that EVS-10 is most likely composed of V4+ in its framework.

Conclusions
     A new simplified method has been developed to synthesize the first seed-free, template-free and reducing agent-free, pure vanadosilicate analog of titanosilicate ETS-10, dubbed EVS-10. With this new synthesis method, high purity, highly crystalline vanadosilicate with very little contamination is produced. Eliminating the need for a template significantly reduces the cost and difficulty of synthesis. In addition, synthesizing in the absence of a template eliminates potential damages due to the harsh conditions needed for template removal. Synthesizing pure vanadosilicate free of titanosilicate seeds allows a pure titanium-free product. This new simplified synthesis method may allow more economical production of EVS-10 / AM-6 for electronic applications such as quantum wire and semiconductors.
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Figure captions

Figure 1. XRD patterns of EVS-10 synthesized at 230 ºC from mixture with 1.44Na2O:0.19K2O:2.2SiO2:0.11V2O5:35H2O:0.34F (solid line) and ETS-10 [22] (dashed line). 

Figure 2. XRD patterns of EVS-10 synthesized at 230 ºC from mixture with molar composition of 1.44Na2O:0.19K2O:2.2SiO2:0.11V2O5:35H2O:0.34F (asterisk refers to quartz impurity): a) as-synthesized product without aging, b) after 1 day aging at room temperature, c) after 2 days aging at room temperature, and d) after 3 days aging at room temperature.
Figure 3. XRD patterns of EVS-10 synthesized from mixtures at different pH: a) ~12.5, b) ~11.7,  c) ~11.0, d) ~10.5, and e) ~10.2. Asterisk marks the main EVS-10 peaks.

Figure 4.  XRD powder patterns: a) show substantial amount of quartz in the synthesis mixture in the absence of fluoride ions, and b) quartz impurities are dissolved as a result of the use of fluoride ions.

Figure 5. SEM image of the seedless, template-free and reducing agent-free vanadium silicate EVS-10. 

Figure 6. TEM images of the seedless, template-free and reducing agent-free vanadium silicate which show the microporous structure of EVS-10.

Figure 7. TGA analysis of a) EVS-10 (dashed) and b) ETS-10 (solid) synthesized at 230 °C.
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Table 1. Values of ETS-10 and EVS-10 surface areas and pore sizes. Samples were outgassed at 150° C.
Parameter 


EVS-10
ETS-10

Total surface area (m2/g)
345.7

355.5

External surface area (m2/g)
44.78

26.24

Micro pore area (m2/g) 
300.9

329.2
Pore size (Å)


9.8

8.4
Table 2. Ratio of ETS-10 and EVS-10 compensating ions (Na and K) to structural atoms (titanium and vanadium). Samples were outgassed at 150 °C. All values are the average of 5 measurements.

Sample


EDX (mol%)

ICP (mol%)

EVS-10 (Na+K)/V
2.0


2.3

ETS-10 (Na+K)/Ti
1.99


2.1
23

