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Abstract:



This review is devoted to non-hydrolytic sol-gel chemistry. During the last 25 years, non-hydrolytic sol-gel (NHSG) techniques were found to be attractive and versatile methods for the preparation of oxide materials. Compared to conventional hydrolytic approaches, the NHSG route allows reaction control at the atomic scale resulting in homogeneous and well defined products. Due to these features and the ability to design specific materials, the products of NHSG reactions have been used in many fields of application. The aim of this review is to present an overview of NHSG research in recent years with an emphasis on the syntheses of mixed oxides, silicates and phosphates. The first part of the review highlights well known condensation reactions with some deeper insights into their mechanism and also presents novel condensation reactions established in NHSG chemistry in recent years. In the second section we discuss porosity control and novel compositions of selected materials. In the last part, the applications of NHSG derived materials as heterogeneous catalysts and supports, luminescent materials and electrode materials in Li-ion batteries are described.
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1. Introduction


1.1. General Introduction


Sol-gel chemistry based on hydrolysis and condensation of metal alkoxides is a powerful and well-established technique used for the preparation of metal oxides in various forms—xerogels, aerogels, micro/nanoparticles, fibers, thin films, etc. The behavior of mixtures of metal alkoxides with alcohols and water, in reactions providing oxide materials, was first studied in the 19th century. The true boom of this research area, however, started between 1950 and 1980 and it continues to grow rapidly. The main advantage of this method is that it provides homogeneous and porous oxides by low temperature processing. Moreover, these substances are accessible in various forms and compositions. Therefore, the materials resulting from sol-gel chemistry have been applied in numerous applications—such as heterogeneous catalysts, protective coatings, optical materials, etc. [1,2,3,4,5].



Sol-gel chemistry also has disadvantages. In many cases the hydrolysis rates of metal alkoxides differ significantly (e.g., Si(OR)4 vs. Ti(OR)4 or Si(OR)4 vs. R´xSi(OR)4−x. This disparity in reaction rates is an obstacle in the preparation of homogeneous mixed metal oxides and in the introduction of organic groups into the oxide materials. Phase separation occurs instead. Moreover, water during the drying of the gels can exert significant capillary forces leading to pore collapse. Materials resulting from aqueous solutions are therefore usually microporous. Many procedures overcoming these issues have been described in the literature [6,7,8,9,10].



One possible and fundamental improvement is to switch to non-aqueous conditions and use oxygen donors other than water. A French group led by Corriu, Vioux, and Mutin extended pioneering studies [11,12,13] in this area and started back in the 1990s to study thoroughly procedures based on the condensation of metal chlorides with metal alkoxides for the synthesis of metal oxides. The alkoxide was in this case the oxygen donor, no water was used throughout the synthesis. The reaction rates leveled off and highly homogeneous dispersions of metal cations in mixed oxides were achieved. Moreover, volatile organic solvents were easily removed and thus product drying was streamlined. The resulting materials were mesoporous with surface areas as high as 1000 m2·g−1. Another advantage of this method was its simplicity [6,14,15].



Many other condensation routes excluding water have been developed since that time. Various precursors have been used as oxygen donors—ethers, alcohols, carboxylates, carboxylic acids, etc. The name for this research area was coined as non-hydrolytic sol-gel chemistry (NHSG) and it was shown to be advantageous in many ways as already reviewed. Easy access to highly homogeneous and porous mixed metal oxides was already mentioned [6,14,15], however NHSG proved to be particularly useful in the synthesis of crystalline metal oxide nanoparticles (NPs) as well. Here the atomic dispersion plays a key role again because highly homogeneous samples crystallize at lower temperatures. Processing of metal oxide NPs can be done in variety of non-aqueous solvents thus broadening the possibilities of NHSG chemistry [16,17,18,19,20,21,22,23]. Non-aqueous conditions are also useful in the synthesis of hybrid materials, where the homogeneous distribution of organic groups is achieved [24]. Another advantage is that more controllable conditions can provide uniform and stable siloxane polymers [25,26]. The condensation rates in NHSG are generally lower in comparison to hydrolytic sol-gel (HSG) which can be advantageous in the synthesis of oligomeric species as well. These can be used as building blocks in further materials processing [27,28,29,30]. So-called building block approach has paved the way to nanostructured materials with well-defined properties such as porosity and structure [31,32,33]. Last but not least non-aqueous chemistry has also found application in atomic layer deposition (ALD) [34,35,36].



NHSG reactions are usually slower and thus easier to control than HSG syntheses. The low-mass volatile condensation product is usually an organic compound. These two facts suggest that these reactions can be followed by infrared spectroscopy (IR), nuclear magnetic resonance (NMR), and gas chromatography coupled with mass spectrometry (GC-MS), or just by simple gravimetry where the mass of the eliminated compound determines the degree of condensation. In fact, many authors have taken advantage of NHSG chemistry and performed detailed studies which have provided valuable insights into the formation of various metal oxides [33,37,38,39,40]. One of the best examples was presented by Bilecka et al., who was able to correlate the decreasing concentration of precursor with ZnO NPs growth and determine the rate constants for particle growth [40].



Research described in recent publications (2013–2016) has shown that NHSG chemistry has been developing in many directions. There are new NHSG synthetic routes, new materials and finally new applications. This review is organized along these lines.



While recent NHSG reviews have focused mainly on the two most important NHSG syntheses (alkyl halide and benzyl alcohol route), we describe here some of the newer and developing synthetic pathways. These are described in the first part of the review (Development of condensation routes), compared with the two well-known routes, and their advantages are highlighted. The second part of the review is devoted to the tailoring of properties and focuses on porosity and new compositions (New materials). These two characteristics are very important in the area of catalysis and therefore we devote special attention to them. Finally, the third part (New applications) shows some contemporary examples of utilization of materials prepared by NHSG techniques.




1.2. Overview of Known Reaction Pathways


Alkyl halide elimination is a well-established NHSG method. It is a reaction between metal chloride and metal alkoxide (Equation (1)). Condensation and formation of M–O–M bonds gives rise to inorganic oxides, while volatile alkylchlorides are released as the organic products of the reaction. Alkyl halide elimination is a valuable one-step process that provides us with highly porous (mixed) metal oxides. The homogeneity of mixing at the atomic level is usually very high. The metal alkoxide group can be formed in situ by reaction of metal chloride with ether (Equation (2)) or primary/secondary alcohols (Equation (3)). Therefore, there are three subtypes of alkyl halide elimination reactions distinguished by the oxygen donor used: alkoxide, ether or alcohol [6,14,15].


≡M–Cl + R–O–M≡ → ≡M–O–M≡ + RCl



(1)






≡M–Cl + ROR → ≡M–O–R + RCl



(2)






≡M–Cl + ROH → ≡M–O–R + HCl



(3)







Reactions of chlorosilanes with dimethylsulfoxide (DMSO) present a small branch of alkyl halide elimination. DMSO works here as an oxygen source. The reaction between metal chlorides and DMSO is rather slow and therefore can be well-controlled and offers interesting products such as cage siloxanes [27,30].



The reactivity of tertiary alcohols and benzyl alcohol toward the metal chlorides differs from primary and secondary alcohols. This reaction leads to the formation of M–OH groups and benzyl chloride (Equation (4)). Hydroxy groups consequently condense with M–Cl groups (Equation (5)) and form inorganic oxides. In this case it was found that reactions of metal chlorides with benzyl alcohol at temperatures between 180 and 250 °C provide crystalline metal oxide nanoparticles (compare with amorphous and porous products in the previous case). This method developed rapidly into the well-known benzyl alcohol route, and other compounds were soon identified as suitable metal oxide precursors (alkoxides, acetylacetonates, acetates). It provides monodisperse nanoparticles without any added surfactant. Benzyl alcohol works effectively as a solvent, an oxygen source, and a capping agent [16,17,18,19,20,21,22].


≡M–Cl + C6H5CH2OH → ≡M–OH + C6H5CH2Cl



(4)






≡M–OH + Cl–M≡ → ≡M–O–M≡ + HCl



(5)







Thermal decomposition of metal tris(tbutoxy)siloxydes (Equation (6)) is another well-known method for the preparation of amorphous and porous mixed metal oxides. The beneficial influence of templates on porosity under NHSG conditions has been demonstrated in this case [41].


M(OSi(OtBu)3)x → MOx/2∙xSiO2 + 3x CH2=CMe2 + 1.5x H2O



(6)







Ester elimination (Equation (7)) is the reaction between metal alkoxides and acetates. It was studied in the 1950s by Bradley as a route to metal trimethylsilyloxides [42], and later in the 1990s as a synthetic pathway to mixed metal oxo-clusters [43,44] and oxides [45,46]. However, it has been used only rarely and with limited success since then. Recently, it was discovered that acetoxysilanes react with trimethylsilyl esters of phosphoric and phosphonic acids in similar way providing highly homogeneous silicophosphates and acetic acid esters as organic products [39]. Mild reaction conditions have yielded a broad variety of hybrid derivatives [47].


≡M–O–R + ≡M–OC(O)R´ → ≡M–O–M≡ + RC(O)OR´



(7)







A new way to highly porous and homogeneous metallosilicates was described recently as the acetamide elimination route. Reactions of acetoxysilanes with metal amides provide a high number of M–O–M bonds and dialkylacetamide as a volatile organic product (Equation (8)). The advantages of templating were fully exploited in this synthetic procedure [38,48,49,50,51].


≡M–NR2 + ≡M–OC(O)R´ → ≡M–O–M≡ + R´C(O)NR2



(8)







Piers-Rubinsztajn reaction (or dehydrocarbon condensation) is the reaction between silanes and silicon alkoxides giving rise to Si–O–Si bonds and an alkane (Equation (9)). It is catalyzed by tris(pentafluorophenyl)borane and utilized mainly in the synthesis of siloxane polymers, but its application to the preparation of hybrid mixed oxide (Si–O–B) systems was shown recently [25,26,52,53,54].


≡M–H + R–O–M≡ → ≡M–O–M≡ + RH



(9)







Two molecules of metal alkoxides condense together during the ether elimination reactions (Equation (10)). These were studied already by Bradley in the 1950s and were used only in few cases (mainly with alkoxides of MoVI, WVI, and NbV) [55]. A new application was recently found in the synthesis of mixed metal oxide nanoparticles [56,57].


≡M–O–R + R–O–M≡ → ≡M–O–M≡ + ROR



(10)









2. Development of Condensation Routes


2.1. Mechanistic View into Alkyl Halide Elimination, Implications for Homogeneity


The alkyl halide elimination reaction is used for the preparation of a wide variety of products including mixed metal oxides. At first glance, this reaction in principle seems to be very versatile, however closer inspection reveals different behaviors for various precursors which impacts particularly the product properties. It is useful to be aware of these differences and we wish to highlight some of them in this part of the review. Although we cite here mainly relatively old literature (1990–2000), it provides a good background for NHSG mixed metal oxide syntheses.



Redistribution reactions (ligand exchange, scrambling, metathesis) occur between metal halides and alkoxides prior to condensation in all cases (Equation (11)) [58]. These are the fastest reactions that are observed, occurring immediately after precursor mixing in alkyl halide elimination. Metal chloroalkoxides are therefore the true precursors in this NHSG condensation. As a result, mixing of MClx with M´(OR)y or M(OR)x with M´Cly usually makes no difference. The properties (homogeneity, texture, etc.) depend strongly on the kinetics of hetero- (Equation (12)) vs. homocondensation (Equation (13)) [58].


MClx + M´(OR)y → M(Cl)x−z(OR)z + M´Clz(OR)y−z



(11)






≡M–Cl + R–O–M´≡ → ≡M–O–M´≡ + RCl



(12)






≡M–Cl + R–O–M≡ → ≡M–O–M≡ + RCl



(13)







Highly homogeneous networks can be produced only if the rate of heterocondensation of M and M´ (Equation (12)) is at least comparable or higher than that of homocondensation (Equation (13)) [58]. Indeed, the kinetics of the hetero- vs. homocondensation reactions depend strongly on the nature of metal precursors and therefore the homogeneity of the products (described mainly on the basis of crystallization behavior and solid-state NMR studies) varies from case to case. Thus, it was shown, that Al–O–Ti system offers highly homogeneous products, which formed a metastable pseudo-brookite β-Al2TiO5 phase during the calcination [59,60]. Similarly, many other systems were shown to produce highly homogeneous materials, as well as new and metastable phases (e.g., ZrTiO4 [61], M2Mo3O12 (M = Ga, Y, Sc, Fe, In, Al)) [62,63,64,65]. High homogeneity was described in the Al–O–Si [66] and Zr–O–Si [67] mixed oxides as well. On the other hand, the incorporation of Ti into the silicate matrix was shown to be limited to ca. 9% [67] and was rationalized on the basis of thermodynamic instability of dispersed titanium in silicate matrices at higher Ti loadings [68]. Finally, an abrupt decrease in homogeneity was observed in the case of organosilsesquioxane-metal oxide hybrids. Reactions of MeSiCl3 with AlCl3 in the presence of diisopropylether displayed only a limited formation of Si–O–Al bridges, and if TiCl4 or ZrCl4 were reacted with MeSiCl3 and diisopropylether, no Si–O–M bonds were observed in the 29Si cross-polarization magic angle spinning (CPMAS) NMR spectra [69]. High homogeneity in this type of hybrid material was later achieved when MeSiCl3 or Me3SiCl were used along with SiCl4 and reacted with TiCl4 and diisopropylether [70].



Several side reactions have been reported for the alkyl halide elimination and again their occurrence depends strongly on the nature of the metals used in the reaction system. For example, formation of hydrocarbons was observed during the synthesis of TiO2 from TiCl4/Ti(OiPr)4 and TiCl4/iPr2O mixtures. This was explained by possible dehydrochlorination of organic by-product, isopropylchloride, leading to alkene formation which can subsequently oligomerize to longer hydrocarbons [71]. Dehydrochlorination as well as alkene oligomerization reactions are known to be catalyzed by Lewis acids and thus feasible under the given conditions. The occurrence of these reaction by-products was also observed in the synthesis of zirconia NPs, which was performed at 340 °C [72]. Other reports of high temperature (>300 °C) alkyl halide condensations frequently do not examine the volatile products and therefore the occurrence of such side reactions is not known [73,74,75,76,77].



Another example of variability may be seen in the synthetic study of D/Q siloxane resins by alkyl halide elimination [78]. The reaction between Me2SiCl2, Me2Si(OMe)2, SiCl4, and Si(OMe)4 produced not only the expected MeCl, but also MeOMe as a by-product. The condensation reaction was catalyzed by Lewis acidic metal chlorides and the extensive study showed significant differences in the behavior of these catalysts. While ZrCl4 and TiCl4 were found to be highly selective catalysts for MeCl elimination, a significant production of dimethylether was observed in the reactions catalyzed by FeCl3 and AlCl3 [78].



Other examples of variability in alkyl halide elimination reactions depend on the route chosen. Let us focus on the “alkoxide route” (with metal chlorides and alkoxides as precursors, Equation (1)) and “ether route” (with metal chlorides and ethers as precursors; the alkoxide group is formed in situ, Equation (2)) [66]. The “alcohol route” is somewhat different and will be discussed later (Section 2.7). It was reported that the alkoxide and ether routes provide products with different degree of condensation, time of gelation, and porosity (Figure 1) [79]. The TiCl4/Ti(OiPr)4 and TiCl4/iPr2O system was studied in detail by the NMR spectroscopy in solution in order to understand the reaction paths [37].


Figure 1. N2 physisorption results at 77 K of “standard” xerogels prepared by the alkoxide route (10SiTiA1) or by the ether route (10SiTiE1), and of 10SiTiE1 calcined in air at 500 °C for 5 h (10SiTiE1c). (A) Adsorption-desorption isotherms (open and filled symbols correspond to the adsorption and desorption branches, respectively); (B) pore size distributions derived from the desorption branches, using the BJH method. Reproduced with permission from [79]. Copyright American Chemical Society, 2004.
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As already discussed, mixing of TiCl4 and Ti(OR)4 at r.t. leads very quickly to the equilibrium mixture of TiClx(OR)4−x, with x depending on the Cl:OR ratio. In contrast, the condensation of organic groups to form Ti–O–Ti bridges, and elimination of RCl is much slower and takes place only at increased temperatures [37]. The most reactive species (probably catalyst which enhances condensation) was identified as TiCl3(OR). Thus it was shown that reaction mixtures with excess of TiCl4 condense rapidly, while the inverse stoichiometric ratio provides relatively stable solutions of titanium chloroalkoxides with only a limited number or Ti–O–Ti bridges formed [37].



In the “ether route” the first reaction between TiCl4 and diisopropylether is the coordination of ether to Ti followed by formation of TiCl3(OiPr) and iPrCl. The next exchange of the second Cl with an isopropoxy group is much slower and the content of TiCl3(OiPr) is much higher in comparison to alkoxide route (1:1 ratio). As noted above, this complex was identified as the most reactive species and therefore the condensation starts more rapidly in comparison to the alkoxide route. This leads to shorter gelation times and higher degrees of condensation, with the texture of the resulting product being influenced as well [37].



Diisopropylether was identified in other mixed oxide syntheses as ideally suited for alkyl halide elimination in the ether route. It forms a relatively stable carbocation and this feature facilitates condensation reactions. Use of diisopropylether as an oxygen donor therefore led to short gelation times and high degrees of condensation [61]. Moreover, the synthetic work-up is very simple, uses readily available metal chlorides and ether (no need for alkoxides), and yields high surface area materials. There are neither restrictions limiting compositions, nor were negative effects observed on homogeneity in mixed metal oxide synthesis [59,61,66,67,80]. For these reasons, the ether route is currently the most widely used for the preparation of mixed metal oxides in the NHSG community.




2.2. High Homogeneity of Mixed Metal Oxides in Acetamide Elimination


The acetamide elimination was recently introduced as a new condensation reaction of metal amides with silicon acetates (Scheme 1) and used for the synthesis of metallosilicates (M = Ti, Zr, Al, Sn) [38,48,49,50,51]. Importantly the acetamide elimination was shown to provide materials of high homogeneity and high Si–O–M content. This was confirmed by IR and MAS NMR spectroscopy as well as by crystallization studies. The direct comparison of materials prepared by alkyl halide and acetamide elimination routes in terms of homogeneity is possible for Si–O–Al, Si–O–Zr, and Si–O–Ti systems.



Lowfield 29Si CPMAS NMR resonances signal the formation of Si–O–M bridges and serve as a commonly used benchmark for the high homogeneity of metallosilicates (Figure 2). Similar lowfield shifts were reported for samples coming from both acetamide and alkyl halide elimination. The only striking difference was observed in the case of organosilsesquioxane-metal oxide hybrids. While reactions of MeSiCl3 with AlCl3 in the presence of diisopropylether provided materials with only limited amount of the Si–O–Al bridges as evidenced by an intense signal at −66 ppm (MeSi(OSi)3 groups) and a resonance of low intensity at −47 ppm (MeSi(OAl)3 groups), condensation of (AcO)3Si–CH2CH2–Si(OAc)3 with Al(NMe2)3 afforded highly homogeneous products featuring a broad composite signal in the 29Si CPMAS NMR spectra corresponding to CH2Si(OSi)3−x(OAl)x (x = 0–3) moieties.


Figure 2. 29Si CPMAS NMR spectra of dried zirconium silicate xerogels. Reproduced with permission from [50]. Copyright Springer, 2015.
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In the case of aluminosilicates, both methods give rise to early crystallization to form mullite [51,66]. In the case of zirconosilicates, using a 1:1 Zr:Si ratio, the crystallization of ZrO2 takes place at 600 °C and ZrSiO4 is observed only after calcination at 1500 °C in the products of alkyl halide elimination [67], while the samples from acetamide route remain amorphous up to 850 °C and their crystallization to zircon occurs at the temperatures as low as 1100 °C [50]. Early zircon crystallization points to high homogeneity at the atomic scale. More elaborate procedures (e.g., mineralization, usage of nanoparticles or zircon seeds, etc.) are necessary to achieve such low crystallization temperatures [81,82,83]. In the case of titanosilicates (in Si:Ti 1:1 ratio) phase separation and crystallization of anatase was observed at higher temperatures for acetamide samples (600 or 800 °C depending on heating ramp) [38,48] in comparison to alkyl halide samples (500 °C) [67]. Bearing in mind that the crystallization temperatures are influenced by properties other than homogeneity (e.g., particle size, sample amount, heating ramp, etc.) these data suggest that the homogeneity could be improved in the case of acetamide elimination at least in these particular examples.



While it is hard to identify all the reasons for these differences, there are some common features observed for these methods and others in which they differ. There is no doubt that the redistribution reaction followed by homocondensation takes place in acetamide systems as a side reaction to heterocondensation similar to mixtures of metal chlorides and alkoxides. Si–O–Si bridges are observed by IR and 29Si CPMAS NMR spectroscopy in both cases. The most distinguishing feature for acetamide systems is the presence of bridging acetates—observed in the IR and 13C CPMAS NMR spectra (Scheme 1). Coordination of acetates to metal centers is generally very fast in solution [84] and this has two consequences: (i) the initial structures based on Si–O–C(CH3)=O→M bridges are formed very quickly (compare with the strategy used for the hydrolytic sol-gel preparation of homogeneous titanosilicates used by Flaig [7]) and (ii) the reactivity of metal amides is decreased and leveled to silicon acetates as the coordination number of highly oxophilic metal centers is increased by carbonyl oxygens. Calcination then leads to the elimination and oxidation of acetates, but importantly the homogeneity is preserved.



It should be noted that the surface areas and pore volumes of acetamide elimination samples were rather poor in comparison to metallosilicates coming from the alkyl halide route [38]. This was significantly improved with the use of block copolymer templates (Pluronic P123 and others), and highly porous materials were obtained [48,49,50,51]. The addition of these pore generating agents to the reaction mixtures led in turn to even better homogeneity, as suggested by crystallization behavior of the samples [48,50]. It can be argued that these polyethers work similarly to acetates—their oxygens coordinate to metal centers further decreasing their reactivity and leveling it to silicon acetates. Subsequent assembly during the condensation reactions results in three-dimensional systems consisting of the Si–O–M linkages and copolymer chains. This feature of acetamide elimination strongly resembles strategies used in the hydrolytic sol-gel method for improving homogeneity, where acetic acid or acetylacetone is added to the reaction mixtures, coordinates to metal centers, and decrease their high reactivity to the level of slow-hydrolyzing silicon alkoxides [7,8,9,10].




2.3. Building Block Approach to Single Site Metallosilicate Catalysts


Another example of achieving homogeneity on an atomic level involves a sequential addition strategy based on the reaction of a silicate building block (Si8O12(OSnMe3)8) with metal chlorides [85]. The silicate cube features a rigid and stable building block, which can be connected by spatially isolated metal centers. The reaction cleanly produces cross-linked metallosilicate networks and trimethyltinchloride (Equation (14)), no side or reversible reactions were observed. The final mesoporous material is formed after a second round of condensation with chlorosilanes (e.g., SiCl4, Me2SiCl2, HSiCl3, …) which provide stable Si–O–Si bonds in the matrix (Equation (15)). The reaction resembles alkyl halide elimination; however, there are very significant differences between the two: (i) no ligand exchange of trimethyltin groups with chlorine substituents was observed and (ii) the Me3Sn-moieties are much easier to eliminate than alkyl-groups and the precursors condense already at r.t. Owing to these important features this method allows for the preparation of dispersed metal centers in silicate matrix, or in other words single site metallosilicate catalysts.


Si8O12(OSnMe3)8 + MClx → Si8O12(OSnMe3)7(–O–MClx−1) + Me3SnCl



(14)






Si8O12(OSnMe3)8 + SiCl4 → Si8O12(OSnMe3)7(−O–SiCl3) + Me3SnCl



(15)







The ability of this procedure to provide us with single site metal centers was demonstrated in a detailed research study of reactions of vanadyl trichloride, VOCl3, with the silicate building block (Si8O12(OSnMe3)8) [33]. Depending on the sequence of addition and molar ratios used, the authors were able to prepare 1-, 2-, and 3-connected samples (Scheme 2, Cl2V(O)(OSi≡), ClV(O)(OSi≡)2, and V(O)(OSi≡)3, respectively). The identity of these unique sites was evidenced by gravimetry (number of equivalents of Me3SnCl eliminated during the reaction), 51V solid-state NMR spectroscopy, XANES, and EXAFS analyses. Mainly the careful analyses of XANES and EXAFS data serve as strong evidence of successful synthesis of targeted single site vanadyl species within the silicate matrix. The conclusions were further supported by the 17O solid-state NMR (both 1D and MQMAS) analyses of samples enriched with 17O. Finally, it is important to note that this methodology is versatile and the condensation of trimethyltin silicate cube with a wide variety of metal chlorides (SnCl4, TiCl4, ZrCl4, VCl4) was recently suggested [86].




2.4. New Materials by Ester Elimination: Silicophosphates and Their Hybrid Derivatives


The ester elimination was studied similar to alkyl halide elimination back in the 1990s in the context of synthesizing homogeneous mixed metal oxides. The pioneering studies by Bradley et al. [42] were later complemented by mechanistic insights developed by J. Caruso and M. J. Hampden-Smith on the Sn(OtBu)4-Sn(OAc)4, Sn(OtBu)4-Me3SiOAc and Sn(OtBu)4-Pb(OAc)4 systems. These authors identified criteria which avoid the ligand exchange: Use of (i) non-coordinating solvents; (ii) small carboxylate ligands; and (iii) an electropositive metal alkoxide [43,44,87,88]. A high homogeneity was achieved in the ternary Ba–O–Si–O–Ti system [46], however later attempts to use this strategy for Zr–O–Si [45] and Ti–O–Si [38,89] systems suffered significantly from the ligand exchange, homocondensation and rather low homogeneity though the criteria suggested by Caruso and Hampden-Smith were followed. These problems may be overcome only if Ti is embedded in the starting precursor cubic μ-oxo Si–O–Ti complex which was probably preserved during its immobilization into the silica matrix [89]. Other less conventional transesterification pathways were used to prepare mixed oxides (e.g., reactions of Si(OEt)4 with (MeO)3B3O3 [90,91,92] and Ti(NO3)4 [93] producing B(OEt)3 and EtONO2, respectively, as volatile reaction products), however the homogeneity of these materials was not studied in these cases. The synthesis of mixed metal oxides by ester elimination is seldom used nowadays owing to these reasons. There are a few reports of the siloxane formation, which are described in Section 2.6, focusing on oligo- and polysiloxanes.



Ester elimination has, however, recently been used in the synthesis of highly homogeneous and porous silicophosphate materials from silicon acetates and trimethylsilyl esters of phosphoric and phosphonic acids (Scheme 3) [39,47,94,95]. Skeletal Si–O–P bonds in silicophoshates are prone to hydrolysis and therefore it is highly desirable to use anhydrous conditions during synthesis. This was achieved during non-hydrolytic ester elimination reactions. Neither ligand exchange nor homocondensation were observed in the reaction mixtures and high homogeneity at the atomic scale was attained. This was proved mainly by early crystallization of silicon phosphates and the 29Si CPMAS NMR spectroscopy where a strong resonance assigned to Si(OP)6 moieties was observed, with no evidence of Si–O–Si or P–O–P bond formation detected [39].



It should be noted that the reactions of silicon acetates and trimethylsilyl esters of phosphoric and phosphonic acids differ significantly from the condensations between metal acetates and metal alkoxides. There are no electropositive metal centers present where carbonyl groups could attack. Instead there are easily eliminated Me3SiO groups which facilitate the condensation (Scheme 3). The absence of reactive metal centers also prevents the ligand exchange from occurring. These are probably the main reasons which allow high homogeneity to be attained in this particular system.



Another important feature of this preparation is that the synthesis of hybrid derivatives was shown to be easily accessible. Both C–Si and C–P bonds were stable under the reaction conditions no matter whether alkyl or aryl groups were used [47]. While the homogeneity of Si–O–P mixing was preserved in these hybrid derivatives, the porosity [47] and hydrolytic stability [94] were influenced by the incorporation of organic groups. The control over porosity in hybrid silicophosphate materials will be described in more detail in Section 3.1.1.



There is one more completely different set of condensation reactions which is commonly referred to as ester elimination. The reaction mixtures are usually composed of metal alkoxides and carboxylic acids. The possible formation of hydroxy groups and water in situ causes this method to be similar to hydrolytic sol-gel condensations. In order to clearly distinguish between this method and truly non-hydrolytic ester elimination, this approach is presented in a separate part of the review (Section 2.5).




2.5. Carboxylic Acids in NHSG


The application of acetic acid in the sol-gel preparation of silica, thus avoiding water as a solvent and a reactant, was reported in 1994 [96]. The main advantage described there was the decrease of gelation time by two to three orders of magnitude. Carboxylic acids are currently used mainly in the synthesis of metal oxide nanoparticles, where they bind to the metal oxide surfaces and stabilize the nanoparticles. It should be noted, that hydroxy groups can be formed during this process and their condensation can lead to the in situ formation of water. Therefore, this method may be classified between HSG and NHSG and only a few inspiring examples of the application of carboxylic acids in NHSG methods will be cited here.



The use of acids during sol-gel condensations can have several advantages: (i) The acids can level reaction rates of different precursors by coordination to the metal centers and therefore could be used in the synthesis of mixed metal oxides for improving homogeneity [97,98,99]; (ii) Carboxylic acids are miscible with and soluble in a broader range of solvents than water because they combine hydrophobic tail and hydrophilic head. This was exploited in the templating of silica with ionic liquids which provided materials with excellent pore volumes and surface areas [100,101,102,103,104], in the large-scale synthesis of monodispersed bridged polysilsesquioxane nanoparticles [105], or when reacting metal precursors bearing bulky organic groups [106]; (iii) Carboxylates bind strongly to the metals and therefore could work as surfactants hindering further growth of particles. Monodispersed metal oxide nanoparticles have been prepared in this way [107,108,109].



A completely different and truly non-hydrolytic example of carboxylic acids in NHSG reactions was described in a very recent paper [110]. In this case acetic acid is released as the organic product of the condensation reaction between polyfunctional phenols and silicon tetraacetate (Scheme 4). The resulting amorphous aromatic organosilicates are highly porous (up to 990 m2·g−1 and 1.36 cm3·g−1) and their porosity can be controlled by careful choice of precursor. This method represents a novel NHSG synthetic route to materials which can be used as supports for heterogeneous catalysts or adsorbents.




2.6. Siloxanes by NHSG Condensations, Piers-Rubinsztajn Reaction


NHSG condensation strategies significantly impacted the synthesis of oligomers and polymers with backbone composed of Si–O–Si bonds—siloxanes [25,111]. Molecular siloxane compounds, linear siloxane polymers, and 3D siloxane (hyperbranched) polymers are representatives of this class of compounds. The aim here is not to give an exhaustive overview of research in this area, but to give readers an outline of the main features of this research. The knowledge of NHSG condensations gained in this research area could be usefully applied to the synthesis of mixed metal oxides and their hybrid derivatives and vice versa. Readers who wish to study the synthesis of oligo- and polysiloxanes more deeply are encouraged to consult the reviews focused on this particular topic [25,111].



The synthesis of oligo- and polysiloxanes is dominated by the HSG approach based on the hydrolysis and condensation of alkoxy- and chlorosilanes. Similar to the synthesis of mixed metal oxides, the hydrolytic route to siloxanes is hard to control and provides mixtures of cyclic and linear polymers. The synthesis of explicit molecular siloxanes by HSG is not selective and hard to achieve. Moreover, the incorporation of two or more different siloxane units into the polymer leads to random and often very heterogeneous distributions of these units throughout these materials owing to different electronic properties of Si centers (e.g., Me2SiO2 vs. Ph2SiO2 vs. SiO4). Finally, the solubility and stability of siloxane polymers play an important role as well. The solubility of polysiloxanes synthesized by HSG method is usually limited to water and alcohols since they possess a large amount of hydrophilic Si–OH groups. In addition, these reactive groups can condense further causing only limited stability of polymer suspensions for longer time periods. The NHSG condensations have proven to be particularly useful in overcoming these disadvantages of the HSG route.



Alkyl halide elimination is an important synthetic route to siloxanes, mainly to 3D cross-linked polymers and explicit molecular compounds. The synthesis of 3D cross-linked polysiloxanes has been described by Vioux and coworkers [78,112], and Hay and Raval [113,114,115]. Redistribution reactions of alkoxy and chloro groups take place readily at r.t., while the condensation reactions occur at temperatures from 35 to 150 °C and were catalyzed by Lewis acidic metal chlorides, similar to the syntheses of metal oxides (Section 2.1). Ligand exchange reactions led to “random homogeneity”, but not perfect alternation of different siloxane units. The homogeneity was further negatively influenced by other side reactions. Dialkylether was observed as a condensation product together with alkyl halide in some cases [78], and cleavage of the Si–C bonds was observed during the synthesis of phenylsilsesquioxanes in sealed ampoules [112] (these bonds were stable when the Schlenk vessel was opened to N2 atmosphere allowing for the release of alkyl halide from the reaction mixture) [113]. In spite of these side reactions the homogeneity and stability of 3D cross-linked siloxanes prepared by alkyl halide elimination were still superior to the materials prepared by HSG syntheses [78].



More recently Kuroda and coworkers [28,31,116,117] reported synthesis of explicit molecular alkoxysiloxanes with various functional groups (e.g., Si[OSiH(OMe)2]4, Scheme 5) by alkyl halide elimination. A weak Lewis acid, BiCl3, was used in this case as a catalyst and alkoxy groups providing stable carbocations (tBu– and Ph2CH–) were utilized in order to facilitate the condensation and avoid ligand scrambling and other side reactions. These reaction conditions yielded the desired compounds in reasonably high yields after purification suggesting that the careful choice of catalyst and leaving group significantly suppressed the unwanted side reactions commonly observed during alkyl halide elimination. Alkoxysiloxanes with different functional groups (e.g., Si–OR, Si–H, Si–CH=CH, etc.) are suitable for a large variety of further reactions (both HSG and NHSG condensations [29,118], hydrosilylation, co-polymerization, etc.) and therefore are very useful building blocks for the synthesis of structured silica-based materials [119]. Importantly, it was shown that these precursors can be reacted selectively and in a controlled way [117,118].



Another modification of alkyl halide elimination is the reaction of chlorosilanes with dimethylsulfoxide (Scheme 6). DMSO works here as an oxygen donor (instead of ether or alkoxy group), and no catalyst is needed. This method led to the synthesis of hexamethylcyclotrisiloxane (D3, from Me2SiCl2 and 2 eq. of DMSO) [27], and hexasilsesquioxane (T6) cages (Scheme 6) [30] in appreciable yields. This method was used to prepare organosilsesquioxane particles (diameter 0.1–0.2 μm) as well [120]. It is worth noting, that the cyclic and cage siloxanes are part of an important class of compounds (models of resins, precursors to polysiloxanes) and their hydrolytic synthesis was in most cases unsuccessful or highly inefficient (depending on the organic groups attached to the Si atoms) [30].



Ester elimination is a minor route, which was successfully applied to siloxane preparation [121,122]. The synthesis of stable 3D cross-linked siloxanes with a narrow distribution of molecular weights was reported starting from Si(OEt)4 and acetic anhydride. The in situ formation of Si–OAc groups was catalyzed by Ti(OSiMe3)4 and ethylacetate was released as the volatile product of the condensation. The product of this reaction can be described as hyperbranched polyethoxysiloxane (no acetoxy groups are left after the synthesis), that is stable for long periods of time and soluble in organic solvents. It has a lower solubility in water and lower hydrolysis rates in comparison to tetraethoxysilane. Owing to these features, this polyethoxysiloxane was used as a precursor for the hydrolytic synthesis of silica membranes [123] and mesostructured silica particles [124,125,126].



Finally all three members of the siloxane family (molecular compounds [26,127], linear [128] and 3D cross-linked [53,129,130] polysiloxanes) were successfully prepared by the Piers-Rubinsztajn reaction (or dehydrocarbon condensation) as reviewed elsewhere [25,111]. Although research into this reaction type is strongly focused on the polymer science, the first examples of the preparation of porous silica-based hybrid materials [131] and mixed Si–O–B oxides [54] have been reported.



This strongly exothermic reaction is based on the condensation of Si–H and EtO–Si units (Scheme 7). Alkane is eliminated in the course of the reaction, which is catalyzed by the strong Lewis acid tris(pentafluorophenyl)borane, B(C6F5)3. The catalyst plays an important role for hydride ion transfer [52,130]. Similar to the other NHSG syntheses, this reaction suffers from ligand exchange and homocondensation, which led to lower homogeneity in the final products. However, it can be strongly suppressed by a careful selection of starting compounds [26,128]. Thus it was shown by 29Si NMR that diphenyldimethoxysilane condenses with 1,4-bis(dimethylsilyl)benzene to produce almost perfectly alternating polymer, while a mixture of dimethyldimethoxysilane and 1,4-bis(dimethylsilyl)benzene is prone to ligand scrambling and only random homogeneity was achieved [128]. Significant differences in reactivity and tendency to ligand exchange were also observed when comparing tetramethoxysilane, tetraethoxysilane and tetra(isopropoxy)silane. This was explained by different steric hindrance at the Si atoms by the organic groups (Scheme 7) [26].



The sequence of addition of precursors was suggested to play an important role as well [25]. Rubinsztajn and coworkers usually add the silanes dropwise to the solutions of alkoxysilanes and a catalyst in toluene. The ligand metathesis and homocondensation is observed mainly in the early stages of the reaction when alkoxysilane is in a large excess in comparison to the second reagent. As the reaction mixture gets closer to the desired stoichiometry, the heterocondensation starts to dominate the process [130]. In contrast, Brook and coworkers usually prepare a solution of starting precursors (silane + alkoxysilane) with desired stoichiometric ratios in hexane and then introduce the catalyst. In this way they were able to synthesize precise silicone compounds in high yields, suggesting that they were able to suppress the metathetic reactions (Scheme 7) [26,127].




2.7. Alcohols in NHSG


Alcohols as alternative non-aqueous solvents were used mainly in the alkyl halide elimination, where they played the role of oxygen donor as well. Their application is, however, reported significantly less often in comparison to alkoxides and ethers. Their reaction with metal chlorides leads to in situ formation of metal alkoxides and the release of HCl, which may catalyze secondary reactions leading to complex pathways. Therefore, these methods are somewhere between HSG and NHSG approach similar to the application of carboxylic acids in NHSG. However this method proved to be successful in the synthesis of amorphous mixed metal oxides [132,133,134,135,136,137,138,139,140,141,142,143]. Alcohols (and silanols) can also react with Si–H groups providing hybrid porous materials or building blocks based on Si–O–Si and Si–O–C bonds (condensation catalyzed by Et2NOH) [117,144,145].



An example of alkyl halide elimination, alcohol route, was reported by Moravec et al. [146]. The reactions between dichloroethylalane, EtAlCl2, and cyclohexanol, nbutanol, phenol, and 2,4-ditbutylphenol at low temperatures yielded a wealth of various aluminum chloride alkoxides, eight of which were structurally characterized. These molecular compounds are precursors to materials based on Al2O3 obtained after the thermolysis of reaction mixture consisting of EtAlCl2 and cyclohexanol at 150 °C. Cyclohexyl chloride was identified as volatile product. The resulting materials yielded poorly crystalline Al2O3 after calcination, surface areas reached up to 150 m2·g−1.



The performance of benzyl alcohol in alkyl halide elimination with its high boiling point, ability to form a stable carbocation and cap the surface of metal oxide particles led to a broad and fruitful research on the synthesis of crystalline metal oxide nanoparticles which is described in more detail in the next section (Section 2.8).




2.8. Benzyl Alcohol Route


The “benzyl alcohol route” developed by Niederberger and co-workers represents a versatile surfactant-free non-hydrolytic reaction system giving rise to numerous metal oxide nanoparticles and oxide-based inorganic–organic nanohybrids [16,19,22,147]. Metal precursors such as chlorides, alkoxides or acetylacetonates readily react with benzyl alcohol and subsequently form the corresponding oxide or mixed oxide nanoparticles. Depending on the precursor used, the reaction mechanism is proposed as alkyl halide or ether elimination. Recently, it was shown for the preparation of GeO2 NPs that hydrolysis has to be considered as a potential pathway as well because water could be formed in situ [147]. The reaction parameters involve solvothermal treatment (e.g., 180–250 °C in the case of metal alkoxides). If the reactions are carried out in the presence of alkaline species, metal alkoxides react with benzyl alcohol by means of a C–C coupling mechanism [148]. This mechanism was described in the case of the non-aqueous formation of BaTiO3 and SrTiO3.



Benzyl alcohol—the organic solvent—also acts as a surfactant and provides the control of the nanoparticle shape, morphology and size distribution. However, the nature of precursor is important as well. For example, the reaction of niobium ethoxide in benzyl alcohol yields orthorhombic Nb2O5 particles with platelet-like morphologies and sizes ranging from 50 to 80 nm while the reaction of NbCl5 in benzyl alcohol led to small, slightly agglomerated crystallites of just a few nanometers [149]. An interesting reaction was reported when yttrium isopropoxide was used as a precursor. The reaction with benzyl alcohol lead to a lamellar nanohybrid consisting of crystalline yttrium oxide layers with intercalated benzoate molecules [150]. Thus, it has been shown in numerous studies on the benzyl alcohol route that by choosing the appropriate reaction system, it is possible to gain control over the nanocrystal parameters.



Based on the development of new reaction techniques, the benzyl alcohol route was extended with the use of microwave reactor, which decreased the reaction times significantly and enabled scale-up of the syntheses to multi-gram quantities [20,40]. An interesting study reported by Bilecka et al. focused on the microwave assisted synthesis and kinetic analyses of ZnO nanoparticles from zinc acetate in benzyl alcohol. Compared to conventional heating, the microwave-assisted route greatly accelerated the formation of nanoparticles by: (i) facilitating the dissolution of a precursor in the solvent; (ii) increasing the rate of the esterification reaction, resulting in faster production of monomer and consequently earlier nucleation; and (iii) increasing the rate of crystal growth from 3.9 nm3·min−1 (conventional heating) to 15.4 nm3·min−1 (microwave heating) (Figure 3). A mechanism of ZnO nanoparticle formation was proposed based on the results of this work. The esterification reaction produces monomers most probably in the form of Zn-hydroxo species. Once the monomer concentration reaches supersaturation, ZnO clusters form.


Figure 3. (a) Time-dependent evolution of the crystal size (green curve), yield of ZnO powder (black curve), and zinc acetate concentration (red curve) at 120 °C; (b) TEM overview image of ZnO nanoparticles obtained at 120 °C after 3 min (inset: high resolution transmission electron microscopy (HRTEM) image of one particle). Reproduced with permission from [40]. Copyright American Chemical Society, 2009.
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The microwave assisted benzyl alcohol route has also been employed for the preparation of ZnO doped with variety of metals, such as Co, Ni, Fe, Mn, and V [151]. ZnO-based magnetic semiconductor nanocrystals with high concentrations of dopants were synthesized by this method. For example, homogeneous distributions of Co in CoxZn1−xO were achieved up to x = 0.2. Higher loadings of cobalt resulted in separation of a Co3O4 phase. Room temperature ferromagnetic behavior was observed in the case of Fe doped ZnO. Other interesting work from the Niederberger group describes benzyl alcohol based microwave assisted synthesis of monodispersed Sb-doped SnO2 nanocrystals and their application as transparent electrodes in thin film optoelectronic devices [152].



Microwave assisted synthesis in benzyl alcohol was also found to be an efficient method for the preparation of metallophosphates. Bilecka et al. [153,154] obtained highly crystalline, well defined LiFePO4 and LiMnPO4 mesocrystals with sizes of 50 and 200 nm, respectively. The precursor solution for LiFePO4 was prepared by the addition of H3PO4 to a mixture of lithium chloride and iron(II) acetate in benzyl alcohol. For LiMnPO4 synthesis, H3PO4 was combined with a solution of manganese(II) acetylacetonate and lithium ethoxide. The reactions were carried out at 180 °C for 3 min with the microwave reactor frequency operating at 2.45 GHz. This work was followed by a study focused on the doping LiFePO4 with Mn, Ni, Zn, Al, and Ti [154]. The incorporation of different dopants in the LiFePO4 lattice in various concentrations allowed modification of the specific charge capacities and achieved the desired characteristics for application in Li-ion batteries. In comparison to undoped LiFePO4 prepared by the same synthetic approach, the doped powders showed significantly better electrochemical performance.



The polyol microwave assisted synthesis of TiO2 under non-hydrolytic conditions was developed in the group of Morselli and is included in this review because of its similarity to benzyl alcohol route (polyethylene glycol is used as a high-boiling solvent, surfactant, and oxygen source) [155]. This innovative approach utilizes TiCl4 as a precursor. The reactions were performed in sealed tubes and heated at 170 °C for 25 min under microwave irradiation. According to XRD analysis, all samples are composed of pure anatase NPs and are well dispersed due to the residual PEG chains bonded to the nanoparticle surface, which prevent them from aggregating. The particle size distributions obtained from the transmission electron microscopy (TEM) data ranges from 4 to 8 nm. Oleylalcohol works similar to benzyl alcohol and polyethylene glycol and has also been used for the preparation of metal oxide nanoparticles [156].




2.9. Ether Elimination


The formation of oxo bridges in niobium alkoxides upon heating was first observed by Bradley et al. [55,157]. This reaction principle was later utilized for the synthesis of other oxide-alkoxide molecular species (Ti, Ba-Mo, Na-W, Na-Mo, etc.) [158,159,160], polyoxovanadate and molybdate clusters [161] and finally for the preparation of metal oxide nanoparticles [56,162,163]. The synthesis was often performed in alcoholic solutions as the protic solvent facilitates the condensation [56]. A part of this research area therefore coincides with the benzyl alcohol route of metal oxide nanoparticles synthesis [56]. However, more recently, carbonyl compounds such as acetone, acetaldehyde or acetophenone were shown to participate in the reaction and promote the formation of metal oxides [164]. Acetals are formed as organic products of the condensation (Scheme 8). Both conventional and microwave heating of metal alkoxides in acetophenone were shown to provide highly crystalline nanoparticles of BaTiO3, and MFe2O4 (M = Mn, Fe, Co, Ni), and this method therefore represents an alternative to the benzyl alcohol route [56,165].




2.10. Twin Polymerization


Another novel non-aqueous route for the synthesis of high-surface-area metal oxide nanoparticles involves so-called twin polymerization (TP) [166]. This technique was developed by Spange et al. as a method for the preparation of high-surface-area metal oxides and nanoparticles [167], such as SiO2 [168,169] and TiO2 [170]. The concept underlying this synthetic route is based on the reaction of a well-defined metal-containing monomer leading to interpenetrating composite networks consisting, for example, of a metal oxide and a polymer (Scheme 9). Recently, this approach was extended to a process of simultaneous twin polymerization (STP), in which two well-defined precursors are polymerized simultaneously to produce a single organic homopolymer and nanoscaled mixed metal oxide phases. Leonhardt et al. applied the simultaneous twin polymerization method in the synthesis of mesoporous (165–378 m2·g−1) SnO2-SiO2 hybrid materials [166]. The reaction mixture consisted of monomers 2,2′-spirobi[4H-1,3,2-benzodioxasiline] and 2,2′-spirobi[4H-1,3,2-benzodioxastannine] or their derivatives in a 2:1 molar ratio. The reaction performed at 80 or 100 °C led to organic/inorganic hybrid materials corresponding to phenolic resin, SiO2 and SnO2 (Scheme 9). Noteworthy, the addition of an initiator is not required because the reaction is self-initiated as a result of the Lewis acidity of the tin precursors. The products are transformed to SnO2-SiO2 mixed oxides by subsequent heat treatment in air (700 °C). Surface areas of the calcined materials ranged from 165 to 368 m2·g−1 [166].





3. New Materials


3.1. Surface Area and Pore Size Control


The surface area, pore volume, and pore size distribution are very important parameters of heterogeneous catalysts. The HSG syntheses of silica and other oxides lead mostly to microporous materials through pore collapse because of the high capillary forces exerted during gel drying. This disadvantage can be overcome by supercritical drying affording aerogels, or by the application of templates. Another possibility is to switch to non-aqueous solutions—the organic solvents are easily removed without pore collapse affording materials with both high surface areas and pore volumes in an easy one-step synthesis. This fact presents one of the decisive advantages of NHSG method.



Templating has been used in NHSG chemistry to improve porosity properties and therefore becomes an interesting synthetic approach. It has to be noted that templating techniques under NHSG conditions rely on completely different physico-chemical principles than in water solutions and these principles are only beginning to be understood. The behavior of non-aqueous “oil-in-oil” emulsions was reviewed recently [171].



3.1.1. Without Templates


One of the first examples of the porosity tailoring in NHSG was given by Lafond et al. [79]. Surface area and pore volumes/sizes of titanosilicates prepared by alkyl halide elimination from SiCl4, TiCl4 and diisopropylether/Si(OiPr)4 were governed by the volume of liquid phase and degree of condensation. Therefore, changing the amount of solvent, reaction time, temperature, and the Si/Ti ratio allowed for tuning surface areas from 450 to 1050 m2·g−1 and average pore sizes from 2.1 to 6.1 nm. It is noteworthy that even in the absence of templates the pore size distributions were relatively narrow with maxima in the mesoporous region. Interestingly these remarkable porosity properties were not adversely affected by the introduction of organic groups (SiCl4 partially substituted with MeSiCl3 or Me3SiCl in the synthesis) affording mesoporous silica-titania hybrids with surface areas around 1000 m2·g−1 [70].



More recently, Barnes et al. presented similar method of porosity control of silica prepared by the NHSG condensation of silicate building block (Si8O12(OSnMe3)8) with SiCl4py2 (py = pyridine) as presented in Section 2.3. The surface area and pore sizes were controlled by the molar ratio of the silicate cube and cross-linking agent used in the synthesis. In other words the average connectivity of SiCl4py2 played the main role in the porosity properties tailoring (analogous to degree of condensation in previous paragraph) [86]. Generally, the pore sizes were gradually enlarged from micropores all the way to macropores with increasing amount of SiCl4py2. The highest surface areas (700–1000 m2·g−1) were observed for the mesoporous materials obtained in the range from 1:2.5 to 1:4 silicate cube to SiCl4py2 molar ratio (2–2.5 average connectivity = chlorine atoms reacted per one molecule of SiCl4py2). Importantly, a part of the cross-linking agent could be substituted in the synthesis with metal chloride (TiCl4, ZrCl4) providing single-site metal centers embedded in the silicate matrix without any change of the porosity properties. In other words the trends observed for pure silica matrices can be used for the reliable prediction of porosity properties of metallosilicate catalysts prepared by this method [86].



Somewhat more complicated was the situation with the silicophosphate xerogels prepared by the ester elimination method as described in Section 2.4. The surface areas of these materials depended strongly on the degree of condensation and therefore could be controlled by reaction time and temperature [39] similar to the alkyl halide elimination [79]. All materials prepared were however microporous, and no significant influence on the pore size distribution was observed. The situation changed significantly after the introduction of organic groups via stable Si–C bonds. The average pore size was increased gradually from 2.0 to 11.9 nm after introduction of bridging alkylene units (Si–(CH2)x–Si, x = 1–3, samples SiCxSiP) into the structure. Interestingly similar bridging units between P atoms (P–CH2CH2–P and P–C6H4–P, samples SiPC2P and SiPC6P) did not influence the pore size distribution (Figure 4). This difference was explained with the help of solid-state NMR studies of the xerogel structures. While all microporous samples were built up predominantly from SiO6 units, mesoporosity was typical for the samples with silicon atoms in the tetrahedral coordination. This environment of the silicon atom was introduced together with the organic groups forming CSiO3 moieties, which built the silicophosphate structure [47].


Figure 4. Adsorption-desorption isotherms of xerogels (a) SiC1SiP; (b) SiC2SiP and (c) SiPC6P. Reproduced with permission from [47]. Copyright Royal Society of Chemistry, 2015.
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3.1.2. With Templates


The use of structure-directing agents for the generation of well defined ordered porous systems introduces several new possibilities in non-hydrolytic sol-gel chemistry. Interesting work related to these concepts has been reported by the groups of Pinnavaia [172] and Stucky [173]. Stucky´s group developed a simple and general procedure for the preparation of ordered large-pore metal oxides (TiO2, ZrO2, Nb2O5, SnO2) and mixed metal oxides (SiAlOy, Al2TiOy, ZrTiOy, SiTiOy, ZrW2Oy) [173]. The use of amphiphilic poly(alkylene oxide) block copolymers as structure-directing agents in non-aqueous protic solutions was crucial for organizing the mesoporous network-forming metal oxide species. The approach presented by Stucky’s group uses the conditions that promote a slow hydrolysis (vessel opened to the ambient atmosphere) of the metal chlorides in ethanol and allows for the self-assembly and formation of amorphous inorganic wall structures [173]. The multivalent metal species can associate with the hydrophilic PEO moieties. The ordered inorganic/polymer composite is then formed by cross-linking and polymerization. This approach allows one to produce thermally stable mesoporous metal oxides with robust inorganic frameworks and thick channel walls. For example Si–O–Ti mixed oxides prepared by Yang et al. [173] reveal two-dimensional hexagonal mesostructures with lattice constants of a0 = 12.2 and 11.0 nm for as-prepared and calcined samples, respectively. Continuous pore/channel walls have thicknesses of 3–5 nm. Adsorption/desorption isotherms of the Si–O–Ti and Si–O–Al calcined mixed oxides exhibit large hysteresis loops referred to as H1-type. Specific surface areas and pore sizes of these materials found by BJH analyses were 310–495 m2·g−1 and 5–10 nm, respectively.



The next type of synthetic method employing block copolymer templates was developed by the Tilley group [41,174]. In this case, the multicomponent metal oxides were prepared via the thermolytic decomposition of molecular precursors in nonpolar media in the presence of block copolymers. Within this work, the mixed-element oxides ZrO2·4SiO2, Ta2O5·6SiO2 [175], Ga2O3·6SiO2, Fe2O3·6SiO2, and AlPO4 have been synthesized. The pore radii ranged from 1.0 to 3.9 nm, depending on the polymeric templating agent employed. The use of non-polar solvents and molecular precursors which already contain the M–O–M´ moieties is important for the homogeneity of the final product. A well-studied example describes the transformation of Zr[OSi(OtBu)3]4 to ZrO2∙4SiO2 with the release of the isobutylene and water as byproducts (Equation (16)). Monolithic gels were obtained by thermal decomposition in toluene at 135 °C with and without copolymer templates.


Zr[OSi(OtBu)3]4 → ZrO2∙4SiO2 + 12CH2=CMe2 + 6H2O



(16)







Calcination of the template-free xerogel at 500 °C in O2 led to a mesoporous material with the surface area of about 550 m2·g−1. Notably, N2 adsorption/desorption isotherms of non-templated mixed oxides displayed a prominent hysteresis loop at p/p0 = 0.6–1.0 indicating a high degree of textural mesoporosity arising from the intraagregate voids caused by circumstantial packing of different-sized particles. Furthermore, the pore size distribution was wide.



N2 adsorption/desorption isotherms of the templated product, calcined at 500 °C, reveal steep adsorptions to a relative pressure (p/p0) of ca. 0.6. This type of isotherm was assigned to “framework-confined” mesoporosity, and is characteristic of pores formed from templated framework channels. Compared to the non-templated sample, the pore size distribution is very narrow. Surface areas and pore volumes range from 450–550 m2·g−1 and 0.35 to 0.45 cm3·g−1, respectively. Low-angle powder X-ray diffraction (XRD) patterns of the calcined materials contain a single broad diffraction maximum centered at d spacings of 10.5–11.5 nm. This is characteristic of a lack of long-range crystallographic order and has previously been reported for disordered silicas with a wormhole type of pore channels. “Wormhole like” motifs with no apparent long-range pore order and with relatively uniform channel spacings were observed by HRTEM microscopy. Using the XRD and pore size data, the walls of templated ZrO2·4SiO2 (6.0 to 8.5 nm) are considerably thicker than the silica walls of MCM-41 (1.0–1.5 nm) or the walls of the mesoporous mixed-element oxides reported by Stucky et al. (3.5–5.0 nm) which could provide high (hydro)thermal stability to these materials [41].



Finally the acetamide elimination extended with the addition of templates (Pluronic P123, F127) as structure directing agents, led to highly homogeneous mixed metal oxides with high surface areas and narrow pore size distributions [48,49,50,51]. The addition of structure directing agents allows stiff transparent gels to be obtained. The templates are then removed by calcination in air at 500 °C and the final products exhibit mesoporous character with high surface areas. Copolymer templating leads to the generation of wormhole-type pores with diameters ranging from 2.6 to 9.8 nm. The framework-confined mesoporosity was confirmed by the shape of N2 adsorption/desorption isotherms and by data obtained from small angle X-ray scattering (SAXS) studies which reveal scattering maxima at low angles. The “wormhole like” motifs with relatively uniform channel diameters were observed by TEM microscopy, especially in the case of Ti–O–Si and Zr–O–Si oxides (Figure 5).


Figure 5. TEM pictures of the zirconosilicate with 43.6 mol % Zr (mol Zr/(mol Si + mol Zr), SiZrP4-500) prepared with Pluronic P123 template and calcined at 500 °C. Reproduced with permission from [50]. Copyright Springer, 2015.
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The effects of different types of copolymer templates, Si/M, and M/template ratios have also been studied. The influence of different Pluronic templates on textural properties was studied on aluminosilicates and titanosilicates. First, the main differences between Pluronic P123 (PEO20PPO70PEO20) and F127 (PEO100PPO65PEO100) are that Pluronic F127 has a higher mass and hydrophilicity than P123. We can assume that a bigger template generates bigger pores. This phenomena was observed in the case of aluminosilicates and titanosilicates. In the case of titanosilicates, besides the pore diameter, the surface area and pore volume were also increased by the application of the F127 copolymer [176].



Changing the Si/M ratio also influences the textural properties. The most significant effects were achieved in the case of titanosilicates and zirconium silicates [48,50]. In these cases, the reactions with higher Si/M ratios produce, in addition to the acetamide product, acetic anhydride arising presumably from homocondensation of excess Si–OAc groups (Equation (17)). It is noteworthy, that the condensation producing the anhydride is normally observed at higher temperatures if no Lewis acidic metal centers are present. This condensation is beneficial because it provides new Si–O–Si bonds, which makes xerogels more stable and more porous.


≡Si–OAc + AcO–Si≡ → ≡Si–O–Si≡ + AcOAc



(17)









3.2. New Compositions


In recent years, a growing interest has been focused on tuning material properties and specific features toward new application possibilities. This motivation has led to syntheses of new oxidic materials with special compositions. Several examples of new mixed oxides prepared by non-hydrolytic chemistry were published recently. Bouchmella and coworkers reported preparation of mesoporous Re–O–Si–O–Al, Re–O–Al, and Re–O–Si mixed oxides via a one-step non-hydrolytic sol-gel method with the aim of tuning the acidic properties of these solids and thus influence their catalytic performance [177,178]. The authors used the alkyl halide elimination, “ether route”, involving the reaction of chloride precursors with diisopropylether at 110 °C. The Re content determined by a nominal Re/(Re + Si + Al) atomic ratio was approximately 0.03. The textural properties in terms of a specific surface area and pore volume depended on the Si/Al ratio, where minima were observed for Si/Al ~0.3. The addition of Re caused a decrease in pore volume. XPS and EDX studies of xerogels showed interesting results on surface and bulk Re/(Re + Si + Al) atomic ratios. While the Re species in as-prepared samples are homogeneously dispersed in the bulk, the calcined xerogels exhibit an increase of the surface Re/(Re + Si + Al) atomic ratio corresponding to migration of Re to the surface upon thermal treatment (Figure 6). Similar behavior was previously reported for vanadium, molybdenum, and tungsten in Ti–O–V, Ti–O–V–O–Mo, Ti–O–V–O–W, and Si–O–Al–O–Mo mixed oxide catalysts prepared by NHSG and was explained by a low Tammann temperature of the respective metal oxides allowing for their migration at increased temperatures [179,180,181].


Figure 6. Surface Re/(Si + Al + Re) atomic ratios (XPS, gray bars) and bulk Re/(Si + Al + Re) atomic ratios (EDX, black squares) for xerogels and calcined catalysts. Reproduced with permission from [177]. Copyright Elsevier, 2013.
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Si–O–Al–O–Mo mixed oxides were prepared via the same non-hydrolytic alkyl halide elimination reaction and with the same goal – tuning the acidity for better catalytic performance [180]. In this study, two reaction parameters were varied systematically: the alumina content (the Si/Al ratio) and the MoO3 content. A Si/Al ratio of 17 provided materials with high specific surface areas and pore volumes (ca. 500 m2·g−1 and from 0.9 to 1.6 cm3·g−1, respectively). MoO3 content ranging from 5 to 20 wt % was examined and no significant impact on texture was observed. However the catalytic properties relied strongly on the MoO3 content (Section 4.1).



Oxide materials with the composition V2O5-MoO3-TiO2 or V2O5-WO3-TiO2 were prepared from chloride precursors by the same group [181]. Surface areas of the resulting samples ranged from 53 to 109 m2·g−1 with the pore diameters of about 10 nm. SEM micrographs revealed spherical micrograins of about 2–5 µm formed by an agglomeration of small elementary nanoparticles in the 10–25 nm range. Another family of novel mixed oxides prepared by NHSG is represented by WO3-SiO2-Al2O3 materials [182]. WO3 contents were established at 10 and 20 wt %, while the amount of Al2O3 ranged from 5 to 20 wt %. These mixed oxides prepared by alkyl halide elimination exhibited surface areas up to 740 m2·g−1, pore volumes of 1.7 cm3·g−1, and pore diameters of 9.9 nm. The materials discussed above illustrate that the NHSG approach based on alkyl halide elimination allows for excellent control of composition.



Caetano et al. [183] described a Co–O–Al–O–Si system prepared by a slightly modified alkyl halide elimination reaction. Firstly, AlCl3 and CoCl2 were reacted with diisopropylether in dichloromethane under reflux. TEOS was added after 1 h of reaction. UV-Vis spectroscopy revealed tetrahedral coordination of Co atoms in the xerogel structure. Co–O–Al–O–Si products calcined at 400 and 750 °C exhibit BET specific surface areas of 53 and 10 m2·g−1, respectively. Fe–O–Al mixed oxide was prepared in a similar fashion from FeCl3 and AlCl3 in a 1:15 molar ratio [184]. Both materials were acidic and studied as catalysts in hydrocarbon oxidation.



The alkyl halide elimination has, up to now, been presented as a route leading to the preparation of amorphous (mixed) metal oxides and their hybrid derivatives. Nevertheless mixtures of metal chlorides and alkoxides (M = Ti, Zr, Hf, Y, Ce) in strongly coordinating solvents (e.g., oleylamine, trioctylphosphine oxide) at temperatures of 300 °C and higher provide monodisperse nanocrystalline particles of the respective metal oxides [72,73,74,75,76,77]. Their crystallinity is usually very high and their composition, size, and shape can be controlled. Crystalline HfO2 nanorods as long as 60 nm and 2.9 nm in diameter were synthesized from HfCl4 and Hf(OtBu)4 if the latter was injected into the reaction mixture in small portions [74].



Recently, templated acetamide elimination was employed for the preparation of Sn–O–Si mixed oxides. According to N2 adsorption-desorption porosimetry and powder XRD data, the calcined product exhibited mesoporosity with surface area up to 476 m2·g−1 and contained SnO2 nanoparticles with a size of ca. 6 nm (Figure 7). Moreover, if as-prepared Sn–O–Si xerogels were heated under N2 atmosphere, mesoporous nanocomposites consisting of metallic tin, silica and carbon were obtained (Figure 7). These nanocomposite materials can be considered as potential candidates for application in Li-ion batteries.


Figure 7. TEM images of SiSnP sample calcined in air (left) and heated under N2 (right). Reproduced with permission from [49]. Copyright Royal Society of Chemistry, 2016.
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Non-hydrolytic synthesis of Nb–O–V–O–Si mixed oxide catalysts was reported by Moggi [185]. VO(OiPr)3 and SiCl4 or Si(OEt)4 were added dropwise to stirred suspensions of NbCl5 in hexane. The resulting products were calcined at 550 °C and their BET surface area reached 146 m2·g−1.



Yttrium-aluminum oxides represent another family of interesting materials which are widely used hosts for lasers and phosphors due to their physical and chemical properties. Non-hydrolytic sol-gel synthesis of YAG was reported by Nassar et al. [132]. The preparation was based on the reaction of AlCl3 and YCl3 in ethanol in the presence of EuCl3 as a structural probe. The powder XRD analysis of a sintered sample (800 °C) confirmed the presence of Y3Al5O12 phase. The approach mentioned above was used also for the preparation of YAG doped with Tm3+, Tb3+, and Eu3+ [133]. Appropriate metal chlorides were used for the doping. YAG doping with Tm3+, Tb3+, and Eu3+ was found to be beneficial for tuning of photoluminescent properties by means of different color emission. The same group utilized a similar synthetic procedure to prepare other luminescent materials as well: several phases of Gd–O–Al mixed oxides doped with Eu3+ [186], Eu3+:YVO4 [134], and Eu3+:GdCaAl3O7 [135].



Recently, the Tilley group reported a non-hydrolytic synthesis of high surface area gallium-containing silica materials via the thermal decomposition of a Ga[OSi(OtBu)3]3·THF molecular precursor [174]. Thermal decomposition in the presence of Pluronic P123 as a templating agent led to a material containing uniform vermicular pores while non-templated samples gave broad pore size distributions. In the case the thermolysis of Ga[OSi(OtBu)3]3·THF was performed in the presence of HOSi(OtBu)3 and Pluronic P123, the resulting Ga:Si ratios could be set from 1:3 to 1:50. However, with increasing silicon content the calcined (500 °C) materials exhibited decreasing surface areas and broader pore size distributions. The highest surface area (636 m2·g−1) was achieved in the case of templated sample with Ga:Si = 1:3. It should be noted, that resulting products exhibited both Lewis and Brønsted acidity. The density of acid sites changed with the silicon content with Brønsted sites increasing at higher silicon loadings while Lewis acidity decreased.



Bismuth vanadate represents another interesting material with a novel composition prepared via the non-hydrolytic microwave-assisted approach based on the concept of twin polymerization [187]. Reactions were performed with the use of bismuth(III) tbutoxide and vanadium(V) oxytri(tbutoxide) precursors. These precursors were dissolved in toluene followed by addition of stoichiometric amounts of a polymerizable alcohol (2-methoxybenzyl alcohol; 2,4-dimethoxybenzyl alcohol) or a non-polymerizable alcohol (2-(2-thienyl)isopropyl alcohol). Afterwards trifluoromethanesulfonic acid was added into the reaction mixture and microwave treatment (140 °C, 30 min) was applied. The resulting monoclinic BiVO4 nanoparticles exhibited sizes ranging from 42 to 78 nm and were used as photocatalysts.



Another research group developing new materials by NHSG approach is led by Lind. One of their research topics is the synthesis of crystalline ternary and quaternary metal oxides with A2M3O12 stoichiometry (A = Al, Sc, Fe, In, Ga, Y, Mg-Zr, Mg-Hf, etc.; M = Mo or W) that exhibit negative thermal expansion (NTE) [62,63,64,65,188,189]. The intrinsic advantage of NHSG chemistry—a high homogeneity of element mixing was fully exploited for NTE materials preparation. The synthetic protocols followed the alkyl halide elimination, ether route, with some minor modifications. For example acetonitrile was shown to provide better results than dichloromethane in terms of products homogeneity and crystallization behavior. In most cases significantly lower temperatures (400–700 °C vs. 1000–1500 °C) were needed to obtain desired crystalline materials from the dried amorphous products of the NHSG reactions in comparison to conventional methods (e.g., high temperature ball milling). Scandium, indium, and iron molybdates were obtained in the crystalline form at temperatures as low as 230 °C [62]. Moreover a new polymorph of Y2Mo3O12 thermodynamically stable below 550 °C was observed (Pba2, Figure 8) [64] and a completely new compound Ga2Mo3O12 was prepared from GaCl3 and MoCl5. This thermodynamically unstable ternary oxide was obtained through the homogeneous mixing of Ga and Mo at the atomic level. The resulting solid decomposes to a mixture of Ga2O3 and MoO3 at 650 °C [65].


Figure 8. Crystal structures of the (a) Pbcn and (b) Pba2 polymorphs of Y2Mo3O12 viewed down the z-axis. Dark tetrahedra are MoO4 units, and light polyhedra represent 6- and 7-coordinate yttrium, respectively. Polyhedra are only connected via corner-sharing in the Pbcn structure, while edge-shared YO7-units are present in the Pba2 polymorph. Reproduced with permission from [64]. Copyright Elsevier, 2007.
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Metal sulfides present another interesting group of compounds which are relatively new to NHSG. Their synthesis was accomplished by the Lind group via changing again the protocol of the alkyl halide elimination, ether route. The diisopropylether, which works as an oxygen donor in the original synthesis of metal oxides, was substituted with either ditbutyl sulfide or hexamethyldisilathiane as the sulphur sources. A variety of metal sulfides were prepared by this method (Fe, Cu, Ta, Mo, etc.) [190,191,192]. Its main advantage is that it provides pure oxygen free metal sulfides. There is no need to calcine the products in H2S owing to intrinsic water and oxygen free conditions of the NHSG syntheses. Another non-aqueous approach providing metal sulfides was presented recently. In this case, the benzyl alcohol route was modified in such a way that benzylthiol was used as the solvent, capping agent, and sulphur source. Nanocrystalline tin and zinc sulfides were prepared [193].



The synthesis of metal fluoride materials has also seen application in non-aqueous chemistry [194]. One synthetic strategy involves the thermolytic decomposition of metal fluoroacetates. Another route strongly resembles HSG approach, however HF in organic solvents is used instead of water in reactions with metal alkoxides and acetates. These syntheses provide molecular compounds (e.g., metal alkoxide fluorides) in the first step and nanoscale metal fluorides after the heat treatment in the second step. Fluorolytic sol-gel chemistry was recently reviewed by Kemnitz et al. [194].



Finally, metal phosphates have been prepared by NHSG methods as well since they offer advantages over HSG syntheses. The use of aqueous phosphoric acid leads to rapid precipitation in many cases, while phosphoric acid esters are stable towards water and therefore not suitable for the syntheses relying on hydrolysis. Moreover the P–OH groups do not condense in aqueous solutions to form P–O–P bridges unlike the Si–OH groups [195]. For these reasons the NHSG approach has become an important synthetic method providing metal phosphates. We have already presented the synthesis of silicophosphates and their hybrid derivatives by Styskalik et al. [39,47] via ester elimination and lithium iron phosphate and related compounds by Bilecka et al. [153,154] via the benzyl alcohol route. This reaction pathway was also used to prepare nanocrystalline Ti, Zr, V, Y, Ce, and La phosphates [196]. Several other examples should also be mentioned in this context. Silicophosphates were prepared from anhydrous phosphoric acid and tetraalkoxysilanes by Jähningen et al. [197,198] and Tokuda et al. [199]. Hybrid silicophosphates with various organic groups were prepared by solventless condensations of anhydrous phosphoric acid with alkyl- and arylchlorosilanes by the Takahashi group [200,201,202,203]. The preparation of aluminophosphates and molecular building blocks based on Al–O–P bonds by non-aqueous condensations was reported by Pinkas et al. [204,205]. The alkyl halide route has been used to prepare NASICON [206] and metal phosphates and phosphonates of Si, Ti, and Zr [207].





4. New Applications


Materials prepared by NHSG chemistry have found useful application in many fields. For example, exceptionally porous alumina foams have been produced by heat treatment of AlCl3∙OiPr2 in CH2Cl2 on an industrial scale since 2001 and used as insulating materials, as already reviewed [15,208,209]. Four main areas of recent interest are identified in the context of this review: heterogeneous catalysts, luminescent materials, catalyst supports, and Li-ion battery electrodes. These four areas will be briefly discussed and some leading examples given in the following section. Recent works related to non-hydrolytic syntheses of mixed oxides and their applications are listed in Table 1.



Table 1. Examples of application of materials prepared by non-hydrolytic sol-gel (NHSG).







	
Mixed Oxide

	
Non-Hydrolytic Synthetic Route

	
Application

	
References






	
Al-Si

	
acetamide elimination

	
aminolysis catalyst

	
[51]




	
Zr-Si

	
acetamide elimination, alkyl halide elimination

	
aminolysis, MPV, Friedel-Crafts catalysts

	
[50,210]




	
Sn-Si

	
acetamide elimination, twin polymerization

	
aminolysis catalyst

	
[49,166]




	
Ti-Si

	
acetamide elimination, alkyl halide elimination

	
mild oxidation, epoxidation catalysts

	
[38,48,211,212,213]




	
Fe-Al

	
alkyl halide elimination (ether route)

	
mild oxidation catalyst

	
[184]




	
Co-Al-Si

	
alkyl halide elimination (ether route)

	
mild oxidation catalysts

	
[183]




	
Re-Al-Si

	
alkyl halide elimination (ether route)

	
olefin metathesis catalyst

	
[177,178]




	
Mo-Al-Si

	
alkyl halide elimination (ether route)

	
olefin metathesis catalyst

	
[180,214,215]




	
Mo-Ti-V

	
alkyl halide elimination (ether route)

	
total oxidation catalysts

	
[179,181]




	
W-Ti-V

	
alkyl halide elimination (ether route)

	
total oxidation catalysts

	
[179,181]




	
Nb-V-Si

	
alkyl halide elimination

	
oxidative dehydrogenation catalyst

	
[185]




	
Ga-Si

	
thermal decompositon of Ga[OSi(OtBu)3]3·THF

	
Lewis acid catalyst

	
[174]




	
Si-P

	
ester elimination

	
Brønsted acid catalyst

	
[95]




	
BiVO4

	
microwave assisted twin polymerization

	
photocatalyst

	
[187]




	
TiO2

	
ether elimination (chitosan templated)

	
photocatalyst

	
[142]




	
TiO2

	
alkyl halide elimination (alkoxide route)

	
photocatalyst, S, N doped

	
[216]




	
Y-V

	
alkyl halide elimination

	
luminescent materials, Ln3+ doped

	
[134]




	
Y-Al

	
alkyl halide elimination

	
luminescent materials, Ln3+ doped

	
[132,133,137,139]




	
Gd-Ca-Al

	
alkyl halide elimination

	
luminescent materials, Ln3+ doped

	
[135]




	
Gd-Al

	
alkyl halide elimination

	
luminescent materials, Ln3+ doped

	
[186]




	
Ln-P

	
benzyl alcohol route, microwave assisted

	
luminescent materials, Tb3+ doped

	
[196]




	
Ti-V

	
alkyl halide elimination (ether route)

	
Li-ion batteries

	
[217]




	
Li4Ti5O12

	
benzyl alcohol route

	
Li-ion batteries

	
[218]




	
LiFePO4

	
benzyl alcohol route, microwave assisted

	
Li-ion batteries

	
[153,154]




	
LiMnPO4

	
benzyl alcohol route, microwave assisted

	
Li-ion batteries

	
[153]




	
SnO2/GO

	
benzyl alcohol route, microwave assisted

	
Li-ion batteries

	
[219]




	
Fe3O4/GO

	
benzyl alcohol route, microwave assisted

	
Li-ion batteries

	
[220]




	
ZnO

	
benzyl alcohol route, microwave assisted

	
magnetic semiconductors, doped

	
[151]




	
SnO2

	
benzyl alcohol route, microwave assisted

	
optoelectonic devices, Sb doped

	
[152]




	
Si-P

	
ester elimination

	
catalyst support

	
[94]




	
SiO2

	
alkyl halide elimination (alkoxide route)

	
catalyst support

	
[221,222,223]










4.1. Heterogeneous Catalysts


The specific properties and features of mixed oxides open a large area of the application possibilities in heterogeneous catalysis. Innovative ideas of catalysts applications and their design require specific catalytic sites with a high activity, stability, and recyclability. The non-hydrolytic sol-gel chemistry offers a promising pathway for the targeted preparation of heterogeneous catalysts with control of structure, texture, and composition.



There are many papers devoted to SiO2-TiO2 epoxidation and mild oxidation catalysts. The crucial condition for catalytic efficiency is the presence of atomically dispersed tetrahedral Ti(IV) atoms. These sites introduce Lewis acidic centers required in catalytic reactions, and arise when Ti atoms substitute Si in silicon dioxide. Therefore, the homogeneity of atomic mixing is of crucial importance for the catalytic activity. Cojocariu et al. reported that the oxidation of various aromatic and sulphur compounds, such as anthracene, styrene, cyclooctene, and phenylsulfide with aqueous solutions of H2O2 or TBHP (tbutylhydroperoxide) is promoted by titanosilicate catalysts prepared via alkyl halide elimination [212,213]. It was found that the catalysts exhibit high catalytic activities, much higher than those reported for the conventional TS-1 catalyst. The mesoporous nature of the NHSG catalysts was apparently their main advantage over microporous TS-1 when working with bulky substrates. The epoxidation reaction of cyclohexene with cumyl hydroperoxide (CHP) catalyzed by SiO2-TiO2 xerogels was described by Lafond et al. [211]. In this particular reaction, a NHSG-prepared titanosilicate catalyst achieved conversions higher than 90%. Mesoporous titanosilicate catalysts prepared by templated acetamide elimination reaction were recently reported [48]. Catalysts were tested for the epoxidation of cyclohexene similar to the work of Lafond et al. Conversions of 96% were achieved with high selectivity for the epoxide. A comparison of the properties and activities of some NHSG [48] and conventional SiO2-TiO2 catalysts shows that NHSG samples give comparable or better results (Table 2).



Table 2. Reaction parameters and comparison of results of the cyclohexene epoxidation with different TiO2-SiO2 catalysts. Reproduced with permission from [48]. Copyright Springer, 2015.







	
Catalyst

	
Ti [wt %]

	
Ti in Catalyst [mmol]

	
Cyclohexene [mmol]

	
CHP [mmol]

	
T [°C]

	
SABET [m2·g−1]

	
Epoxide Yield [%]

	
TON a






	
SiTi1 [48]

	
12.48

	
0.13

	
25

	
5

	
65

	
12

	
69

	
26




	
9SiTi [48]

	
3.72

	
0.03

	
25

	
5

	
65

	
-

	
77

	
126




	
SiTiP2-500 [48]

	
27.43

	
0.28

	
25

	
5

	
65

	
325

	
65

	
12




	
SiTiP2-500N [48]

	
22.01

	
0.23

	
25

	
5

	
65

	
453

	
80

	
16




	
9SiTiP-500 [48]

	
8.09

	
0.09

	
25

	
5

	
65

	
442

	
96

	
52




	
9SiTiP-500N [48]

	
6.64

	
0.03

	
25

	
5

	
65

	
615

	
96

	
158




	
SiO2.TiO2 (NHSG) [211]

	
7

	
0.0731

	
25

	
5

	
65

	
780

	
91

	
62




	
Shell [211]

	
9

	
0.0094

	
25

	
5

	
65

	
200

	
68

	
360




	
SiO2.TiO2 xerogel [224]

	
15

	
0.157

	
25

	
5

	
65

	
552

	
38

	
12




	
SiO2.TiO2 aerogel [224]

	
15

	
0.157

	
25

	
5

	
65

	
677

	
49

	
16




	
10LT HSG aerogel [225]

	
6

	
0.125

	
77

	
13.4

	
60

	
683

	
87

	
93




	
20LT HSG aerogel [225]

	
12

	
0.251

	
77

	
13.4

	
60

	
674

	
93

	
50








a TON = (mol epoxide) × (mol Ti)−1, after 2 h.








SiO2-ZrO2 oxides prepared by NHSG reactions were reported as catalysts for Friedel-Crafts alkylation [210], MPV reduction [50], and aminolysis reactions [50]. Kaper et al. reported a high surface area (up to 570 m2·g−1) zirconium silicate catalyst prepared by alkyl halide elimination [210]. The resulting material exhibited high catalytic activity for Friedel-Crafts alkylation reactions between anisole and various alcohols. The best conversions were observed for benzyl alcohol (84%) and 1-phenylethanol (95%) substrates. Mesoporous zirconium silicates (up to 537 m2·g−1) prepared via templated acetamide elimination were tested as catalysts for aminolysis of styrene oxide and for Meerwein–Ponndorf–Verley (MPV) reduction of 4-tbutylcyclohexanone [50]. Lewis acidic sites were studied by pyridine adsorption, and tetrahedrally coordinated Zr atoms were identified by DRUV spectroscopy. The conversions of styrene oxide and 4-tbutylcyclohexanone reached up to 96% and 54%, respectively.



Aluminosilicates represent a group of materials with both Lewis and Brønsted acidity. They can be used as catalysts or as supports for other active species. The crucial condition for catalytic activity is the presence of tetracoordinated and pentacoordinated Al atoms. These species can be studied by the 27Al MAS NMR spectroscopy. Recently, mesoporous aluminosilicate catalysts (up to 627 m2·g−1) prepared via templated acetamide elimination were reported [51]. The products were used in aminolysis reactions, where high catalytic activities were observed. The catalytic activity of SnO2-SiO2 mesoporous xerogels in aminolysis of styrene oxide has also been investigated. In this case the conversion of styrene oxide was reasonably high and reached 50% after 1 h [49].



The total oxidation of volatile organic compounds (VOCs) which are released in some industrial processes is currently a frequently discussed topic. Decomposition of these pollutants, represented mostly by chlorinated aromatics, can be catalyzed by so-called total oxidation catalysts. These were prepared by the group of Debecker and were based on MoO3- and WO3-V2O5-TiO2 oxides [179,181]. The authors reported high conversions of benzene and chlorobenzene especially in the case of samples with 10 wt % V2O5 loadings. The incorporation of Mo and W into catalysts showed promoting effects and increased their efficiency. For example the total oxidation of chlorobenzene reached 93% conversion after 150 min at 300 °C. NHSG derived VOC total oxidation catalysts reported by Debecker et al. [179,181] exhibit a comparable activity to the catalysts prepared by impregnation method on TiO2 supports [226]. Another class of materials studied by the same group were catalysts for olefin metathesis. They prepared mesoporous mixed oxide based catalysts with the compositions of Mo–O–Si–O–Al [180,214,215] and Re–O–Si–O–Al [177,178]. All samples catalyzed the conversion of propene to ethene and butene with more than 99 % selectivity. In the case of Mo–O–Si–O–Al samples, the best catalysts contained only 5 wt % Al2O3 and their activity increased with higher MoO3 loading. The Re–O–Si–O–Al catalysts exhibited a comparable catalytic activity to the Mo–O–Si–O–Al catalysts. The best catalytic performance was achieved with a sample Re3–SiAl0.3 (ca. 10 wt % Re2O7) which produced propene at a specific activity of 45 mmol·g−1·h−1. It is important to use a Si–O–Al mixed oxide as a support because Al atoms significantly increase the acidity of the catalysts according to NH3-TPD.



There are several reports dealing with non-hydrolytic synthesis of photocatalysts. Hamden et al. described chitosan (CS) templated in situ generation of TiO2 nanoparticles from Ti(OtBu)4 [142]. A low crystallization temperature (ca. 150 °C) of anatase was observed. The authors used CS-TiO2 samples for photocatalytic degradation of aniline in water and under halogen lamp irradiation. The degradation of aniline after 9 h irradiation reached 5% and 33% in the presence of dried (50 °C) and heated (300 °C) CS-TiO2 photocatalysts, respectively. The work of Albrbar describes visible-light active mesoporous, nanocrystalline N,S-doped and co-doped titania photocatalysts [216]. These samples were synthesized from TiCl4 and Ti(OiPr)4 in cyclohexane or dimethyl sulfoxide, the latter being used as a S-doping agent. The best photocatalytic activity was achieved by sulphur-doped material with the smallest crystallites and the highest BET surface area. An important feature of these materials is their high adsorption capacity. Finally, the photocatalytic properties of bismuth vanadate (BiVO4) prepared by a non-hydrolytic microwave assisted reaction were described by Hofmann et al. [187]. BiVO4 showed a very high degradation efficiency (>99%) of rhodamine B after 150 min under visible light irradiation. It was shown that the highest efficiency was reached in the case of the smallest BiVO4 crystallites.




4.2. Luminiscent Materials


There are several reports describing the preparation of luminescent materials by non-hydrolytic sol-gel reactions. It has been argued, that luminescent properties strongly depend on the synthetic procedure, composition, homogeneity, and annealing temperature. One of the first examples of NHSG methods used in the synthesis of silica-based phosphor materials was published already in 1997 by Green et al. [227].



More recently, photoluminescent properties of yttrium vanadate with Eu3+ as a dopant were investigated by Matos et al. [134]. The europium ion dopant (Eu3+) was added at a mole ratio of 1% relative to the Y3+ ion. The YVO4 phase (crystallite size ca. 43 nm) was formed after heat treatment of the as-synthesized powder at 600 °C. The authors reported interesting luminescent properties depending on the calcination temperature (Figure 9). Excitation spectra of the samples were recorded with the fixed emission wavelength at the Eu3+: 5D0-7F2 transition. It was found that the excitation of the samples is attributed to the O–V charge transfer (CT) represented by an intense broad band ranging from 250 to 350 nm. The CT band includes transfer from VO43− to the 5L6 level as well as the transfer from O to Eu, accounting for the longer lifetime and higher quantum efficiency. The longest lifetime of 0.99 ms and the highest quantum efficiency of 75% were presented in the case of a sample calcined at 800 °C. Higher annealing temperatures resulted in a red shift of the CT band (V–O).


Figure 9. Excitation (λem = 616 nm) and emission (λexc = CTB) spectra of the Eu3+ ion in the YVO4 host treated at (a) 600; (b) 800; and (c) 1000 °C for 4 h. Reproduced from [134]. Copyright Elsevier, 2014.
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The work of Nassar et al. describes the luminescent properties of NHSG derived Eu3+ doped yttrium-aluminum oxide [132,137]. The samples were treated at 800 °C and excited at 394 nm (5L6 level). The emission spectra displayed 5D0 → 7FJ (J = 0, 1, 2, 3 and 4) emission lines of Eu3+. Excitation near the emission level 5D0 decreased the lifetime as observed in case of 5L6 → 5D2 level (ca. 0.4 ms). Emission of different colors was achieved using the same host (YAG) but different dopants (Tm3+ and Tb3+) [133,139].



A GdCaAl3O7 aluminate matrix was prepared by Matos et al. [135]. Europium ion Eu3+ was used as a structural probe in a molar ratio of 1% relatively to Gd3+. The characteristic diffraction of GdCaAl3O7 at 2θ = 31° appeared when the xerogel was heated to 800 and 1000 °C. The CT band maxima obtained for samples treated at 800 and 1000 °C appeared in the region ca. 270 nm, while samples treated at 600 °C exhibited this band at 280 nm. Excitation at 391 nm (5L6 level) leads to emission in all the samples. Reported data showed that GdCaAl3O7 with Eu3+ is a candidate for application in the field emission color display technology. The emission maximum was found to be the 5D0-7F2 band which corresponds to the red emission of the Eu3+ ion. Similar results were achieved also for gadolinium-aluminum mixed oxides doped with Eu3+ ions [186].



Unlike the syntheses presented above, heat treatment was not necessary in the case of nanocrystalline La0.4Ce0.45Tb0.15PO4 and Ce0.85Tb0.15PO4 prepared by the microwave-assisted benzyl alcohol route. The residual organic groups were effectively depleted, nanoparticles were highly crystalline, and showed good luminescent properties. Their preparation was performed at temperatures as low as 180 °C and that presents an important advantage of this synthetic approach [196].




4.3. Electrodes in Li-Ion Batteries


Non-hydrolytic sol-gel syntheses were also employed in the preparation of mixed oxides and phosphates used in batteries. Due to good reaction control and high homogeneity of final products, non-hydrolytic methods offer promising pathways for electrode materials syntheses. The benzyl alcohol route was used for the preparation of LiFePO4, LiMnPO4, and Li4Ti5O12 materials [153,154,218]. LiFePO4 prepared by Bilecka et al. exhibited excellent electrochemical performance including high discharge capacities of ca. 150 mAh·g−1 with a capacity loss of only 5–10% after 160 cycles (Figure 10) [153]. In the case of LiMnPO4 a capacity of ca. 125 mAh·g−1 was observed. Reported results indicate that the mesocrystalline particle morphology of synthesized LiFePO4 is optimal for electrochemical performance. More recently, Bilecka et al. reported Mn2+, Ni2+, Zn2+, Al3+, and Ti4+ doped LiFePO4 by the microwave assisted benzyl alcohol route [154]. The presented work demonstrated that the doping of LiFePO4 improved electrochemical properties (especially the discharge capacities). For example the material LiNi0.07Fe0.93PO4 exhibited capacity of 163 mAh·g−1 after 300 cycles with a loss of only 3%.


Figure 10. Typical discharge capacity per unit mass (specific charge) of LiFePO4 and LiMnPO4 in composite. Reproduced with permission from [153]. Copyright Royal Society of Chemistry, 2009.
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The work of Yu et al. [218] describes nanostructured micrometer-sized hierarchical spinel Li4Ti5O12 nanostructures prepared via the benzyl alcohol method from metallic lithium and Ti(OiPr)4 at 250 °C. It was found that annealing at 750 °C improves the electrochemical performance, which reaches the theoretical capacity of Li4Ti5O12 and displays a loss of less than 5% after 200 cycles. The capacities after 200 cycles at the current density of 1 C (175 mA·g−1) were 110 and 148 mAh·g−1 for the as-prepared and calcined samples, respectively.



SnO2/graphene and Fe3O4/graphene heterostructures for Li-Ion batteries were also prepared via one pot microwave assisted reaction based on benzyl alcohol route [219,220]. The reaction of tin(IV) chloride and iron(III) acetylacetonate precursors in benzyl alcohol in the presence of graphene oxide (GO) resulted in tin and iron oxide nanoparticles bound to the graphene surface. Benzyl alcohol acts as a reactant for metal oxide synthesis and as a reducing agent for the partial reduction of GO. The authors demonstrated that at a current density of 1600 mA·g−1, the capacities for the SnO2/graphene and Fe3O4/graphene composites lie above 300 and 400 mAh·g−1, respectively. Moreover, it was found that a higher graphene/metal oxide ratio is beneficial for the higher capacity of the composites.



Recently, the lithium insertion properties of metal oxide microspheres prepared via non-hydrolytic sol-gel were studied by Escamilla-Pérez [217]. It was found that conductivity of TiO2–V2O5 materials was significantly higher compared to TiO2, but the specific capacity was not increased. The values obtained for TiO2 and TiO2–V2O5 (5 wt % V) reached 125 and 115 mAh·g−1, respectively, at a current density of 336 mA·g−1.




4.4. Catalyst Supports


It is noteworthy that NHSG materials possess different groups on the surface than silica prepared by conventional methods (e.g., Si–Cl, Si–OAc, Si–OEt, etc. vs. Si–OH) and therefore their reactivities differ significantly. Silica-based materials containing catalytic centers, such as metallocenes or methylaluminoxanes (MAO), were reported by the group of Dos Santos [221,222]. The preparation of their silica supports is based on the reaction between SiCl4 and Si(OEt)4 in toluene with the addition of a catalytic amount of FeCl3. Metallocene or MAO is then added into the silica precursor mixture. Unfortunately, resulting materials exhibit low surface areas and poor catalytic activities. This behavior may be caused by some side reactions of MAO with silica. Moreover, access to the active centers encapsulated inside an almost non-porous silica support is strongly hindered. An increase in catalytic activity was achieved by increasing metallocene concentration in these materials [222]. The same group also described alizarin incorporated silica materials with potential application as pH sensors [223].



The surface reactivity of silicophosphates and their hybrid derivatives prepared by ester elimination was recently investigated. It was possible to graft highly acidic P–OH groups and pure tetrahedral Al atoms onto the surface. Potential application of these materials was demonstrated in α-methylstyrene dimerization where they were used as acidic heterogeneous catalysts [94]. Very recently Kejik et al. reported the preparation of microporous and mesoporous organosilicates [110]. These materials, synthesized via a novel non-hydrolytic sol-gel method from Si(OAc)4 and polyphenols, exhibit high surface areas and their porosity can be controlled by the type of linker used.



An interesting area of future investigation is the combination of NHSG method and click chemistry. Click chemistry is already widely used for the surface grafting. However, as far as we know, it has not been used on NHSG supports yet [228]. Click reactions often need anhydrous conditions [229,230]. Moreover the introduction and homogeneous dispersion of organic groups in metal oxides by NHSG were shown to be successful in many cases thus providing ideal conditions for surface grafting by click chemistry.





5. Overview and Conclusions


This review summarizes recent progress in the area of non-hydrolytic sol-gel chemistry. The main NHSG methodologies have been described with emphasis on new synthetic pathways, their mechanisms and how these correlate with the homogeneity of final products. The non-hydrolytic condensation reactions reported here offer wide variability in the choice of precursors and allow for the control of the reaction rates resulting in homogeneous products with specific properties and compositions. This review also describes novel materials prepared via NHSG based on mixed metal oxides, silicates and phosphates and their application in the fields of heterogeneous catalysis, photonics, and electrochemistry. Many examples reported here show that NHSG is beneficial for the preparation of mesoporous catalysts with specific active sites and controlled porosity as well as monodispersed mixed metal oxide nanoparticles with specific shapes and sizes. In addition, NHSG methods offer unique surfactant-free syntheses of nanoparticles with non-hydroxylated surfaces, which again are of growing interest in catalysis, sensing, and photonics. They also open access to stable colloids in non-aqueous solvents and hydrophobic nanofillers, with applications in the field of polymer nanocomposites.



In conclusion, the non-hydrolytic sol–gel process provides an important alternative to the conventional sol-gel process. Research in this area is growing rapidly, but much remains to be done to explore all the possibilities and processes in NHSG chemistry. We believe that, due to the beneficial features of non-hydrolytic sol-gel chemistry, it will find increasing application in the design of innovative materials.
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Scheme 1. Synthesis of aluminosilicate gel with four-, five-, and six-coordinate Al atoms and residual acetate and dimethylamide groups. Reproduced with permission from [51]. Copyright Royal Society of Chemistry, 2016. 
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Scheme 2. The targeted synthesis of single site vanadyl species on the surface and in the framework of silicate building block materials. Reproduced with permission from [33]. Copyright Elsevier, 2011. 
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Scheme 3. Ester elimination reaction producing silicophosphate materials. Reproduced with permission from [39]. Copyright Elsevier, 2014. 
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Scheme 4. Synthesis of highly porous aromatic organosilicates. Reproduced with permission from [110]. Copyright Elsevier, 2017. 
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Scheme 5. Synthesis of discrete alkoxysiloxane oligomers by direct alkoxysilylation reaction. Reproduced with permission from [116]. Copyright Elsevier, 2012. 
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Scheme 6. Reaction of alkyltrichorosilane with DMSO producing hexasilsesquioxane cage. Reproduced with permission from [30]. Copyright Royal Society of Chemistry, 2003. 
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Scheme 7. Effect of steric environment on yield in synthesis of 6. Reproduced with permission from [26]. Copyright American Chemical Society, 2008. 
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Scheme 8. Reaction of barium and titanium ethoxides with acetophenone producing acetal and BaTiO3. Reproduced with permission from [56]. Copyright John Wiley and Sons, Inc., 2009. 
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Scheme 9. Simultaneous twin polymerization of 2,2′-spirobi[4H-1,3,2-benzodioxasiline] and compounds 5–7 to give a hybrid material consisting of phenolic resins (e.g., o/o′ substitution), SnO2, and SiO2. Reproduced with permission from [166]. Copyright John Wiley and Sons, Inc., 2013. 
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