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Abstract:



Ordered mesoporous silicas (OMSs) attract considerable attention due to their advanced structural properties. However, for the pristine silica materials, the inert property greatly inhibits their catalytic applications. Thus, to contribute to the versatile surface of OMSs, different metal active sites, including acidic/basic sites and redox sites, have been introduced into specific locations (mesoporous channels and framework) of OMSs and the metal-functionalized ordered mesoporous silicas (MOMSs) show great potential in the catalytic applications. In this review, we first present the categories of metal active sites. Then, the synthesized processes of MOMSs are thoroughly discussed, in which the metal active sites would be introduced with the assistance of organic groups into the specific locations of OMSs. In addition, the structural morphologies of OMSs are elaborated and the catalytic applications of MOMSs in the oxidation of aromatic compounds are illustrated in detail. Finally, the prospects for the future development in this field are proposed.
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1. Introduction


Owing to the outstanding structural properties of large surface area and pore volume, and well-defined pore system, ordered mesoporous silicas (OMSs) have been paid much attention in the numerous applications of catalysis, adsorption, separation, sensing, medical usage, ecology, and nanotechnology [1,2,3,4,5,6,7]. Besides, due to the inert property of the pristine silica, the introduction of metal active sites could effectively induce the properties of optical, electronic, magnetic, catalytic, etc., in OMSs, and, consequently, the existence state of metal active sites directly determines the performance of these modified materials.



However, for most metal-based OMS catalysts, metal active sites are mainly immobilized on the outside surface, and these metal nanoparticles inevitably grow into large crystallites [8,9]. Thus, the loss of active surface area by the growth of metal nanoparticles would be mainly responsible for the deactivation of metal-supported OMSs catalysts [10]. To some extent, the particle growth could be alleviated by adjusting the metallic properties of size [11], composition [12] and especially interaction with the support [13]. Generally, for the application of OMSs as the support to fabricate the metal-functionalized catalysts, as shown in Figure 1, there are four immobilization routes: covalent bonding, adsorption, ion-pair formation, and entrapment [14,15]. Obviously, the interactions between metal active sites and support are different when using different immobilization methods, and the strong interactions by the chemical bonding of covalent linkage and electrostatic interactions would make more stable metal-functionalized OMSs than that by the physical adsorption. In this case, the dispersion of active metals is promoted in the catalysts and the agglomeration is highly inhibited during the reaction process. Besides, considering the unique pore system and versatile framework of OMSs, the metal active sites could be directly introduced into specific locations (including mesoporous channels and framework) instead of the outside surface, which would further strengthen the interactions between metal active sites and support. Specifically, by the confinement effect of mesoporous channels, the size of active metals would be limited and the interaction with the silica wall is highly promoted, whereas the substitution of silicon will result in a relatively homogeneous incorporation of heteroatoms in OMSs materials [16].


Figure 1. Schematic representation of four immobilization methods for the fabrication of metal-functionalized OMSs. Reproduced from Reference [14] with permission of The Royal Society of Chemistry.
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For modifying the OMSs through covalent linkage and electrostatic interactions, two main methods of grafting (post-synthesis) and co-condensation (direct-synthesis) are explored. Grafting is commonly used to immobilize the organometallic complexes on the silica surface by the covalent linkage, which is much more stable than that obtained by physical adsorption. However, in this method, the distribution and concentration of organometallic complexes are highly influenced by the reactivity of the complexes and their accessibility to surface silanols [17]. By grafting within mesoporous channels, the pore size of OMSs is relatively decreased, leading to the blocking of diffusion and the reduction of catalytic efficiency. Compared with the grafting method, co-condensation is another method to functionalize OMSs, in which the organometallic complexes are hydrolytically condensed with silica resources. This direct synthetic pathway provides more advantages in metal-functionalized OMSs, such as short preparation time, the homogeneous distribution of organometallic complexes, increased metal loading amount, suitable pore size and pore arrangement. Furthermore, due to the mismatch for the incorporation of transition metal ions and the formation of silica, the control of morphology and structure of OMSs would be more difficult [18,19]. For example, nonionic surfactants (such as P123 and F127) have been widely used as templates for the fabrication of HMS (Hexagonal Mesoporous Silica), normally in strongly acidic conditions [20]. However, highly acidic media are not ideal for incorporation of transition metal ions due to the large solubility of Si-O-M species. With the help of organic groups, the milder media would be supplied to anchor the active metals and may solve this problem. Although some reviews have summarized the metal-functionalized mesoporous silicas [14,17,21,22], it is still worth providing a review of the ordered mesoporous silicas functionalized through covalent linkage and electrostatic interactions by organic groups.



In this review, we provide an overview of the oriented decoration of metal-functionalized ordered mesoporous silica and their applications in the oxidation of aromatic compounds. Attributed to the oriented decoration, the metal active sites would be directly introduced with the assistant of the organic groups into the specific locations including mesoporous channels and framework of OMSs. In the first part, we briefly present the categories of metal active sites. Then, the oriented decoration of metal active sites in OMSs have been illustrated and the structural morphologies of OMSs are discussed. Finally, the applications of MOMSs in the oxidation of aromatic compounds are elaborated and the prospects for future development in this field are proposed.




2. The Categories of Metal Active Sites


For mesoporous silica materials, the presence of neutral framework and the absence of any acidic, basic or redox property greatly limit their catalytic applications. Therefore, for the performance improvement, different kinds of metal elements are introduced and sorted into two main categories, acidic–basic and redox metal active sites.



2.1. Acidic–Basic Metal Active Sites


2.1.1. Acidic Active Sites


Due to the silanol groups on the surface, all of the siliceous materials present extremely low acidity. In comparison, zeolite materials own large amount of acidity causing by the presence of AlO4 instead of SiO4 in pristine silica. Similarly, to create the acidity, many acidic metal species have been introduced in the mesoporous silica, and the common used acidic metal species are the IIIA elements such as Al, Ga, and In. Wang et al. [23] obtained Al2O3@SBA-15 composites by coating the Al2O3 inside the mesopores, in which abundant surface silanol are grouping in the vicinity of Al atoms as {SiOH, AlIV} in the mesoporous channels, leading to the production of Brönsted acid sites on the interface of alumina and SBA-15. This hydrophilic inner surface facilitates the dispersion of Pt particles and the metal–support interaction is significantly strengthened, thus the Pt/Al2O3@SBA-15 catalysts are proven to be highly efficient in the asymmetric hydrogenation of ethyl pyruvate. In addition, from the results of Jiménez-López’s group [24], after doping the aluminum in the MCM-41, the strong acid sites of both Brönsted and Lewis acid sites are produced, making high catalytic activity for the dehydration of glucose to HMF. However, in this catalyst, due to the existence of amorphous alumina, some acid sites with low strength are also presented, which would block the pores where the most acidic centers are located, leading to a reduced catalytic activity. Zepeda et al. [25] synthesized Ga-modified Ti-HMS materials with varying Ga content. The incorporation of Ga creates both Brönsted and Lewis acid sites, and is preferential to the population of Brönsted acid sites. With the increment of Ga content, the Brönsted/Lewis acidity ratio is linear for the Ti-HMS-xGa catalysts.



In addition to the elements from IIIA group, the weakly basic metals such as Fe, Ti, W, etc., could also act as the acidic centers in the OMSs. Chen et al. [26] investigated the acidic property of Ti-SBA-15 mesoporous materials and further compared with ZSM-5 zeolite. Since the Ti species exist as the tetrahedral Ti4+, Lewis acid property is obtained in Ti-SBA-15, while the Al3+ species in ZSM-5 are related to both Brönsted and Lewis acid sites. Moreover, the Ti4+ species are less acidic than Al3+ species in the framework. Aziz et al. [27] used WO3 supporting silica mesoporous-macroparticles as a heterogeneous acid catalyst. The incorporation of tungsten species into the framework brings both Brönsted and Lewis acid sites, and the formation of monolayer WO3 on the surface is beneficial for the improvement of Lewis acid sites, while higher Brönsted acid sites content would be generated by the agglomeration of these WO3 into bulk particles. Zakharova et al. [28] obtained Ti, Zr and Al-supported mesoporous silica, and found that the formation of strong Lewis acidity is attributed to these metal species appended to the silanol groups on the surface of mesoporous silica; in addition, the Lewis acidity is not a function of metal loading but rather of the metal nature.




2.1.2. Basic Active Sites


The basic metal active sites are less discussed compared with acid sites. In general, to introduce the basic active sites in the OMSs, the alkali metals (Li, Na, K, etc.) and alkaline earth metals (Be, Mg, Ca, etc.) attract a lot of attention [29,30,31,32,33,34,35,36]. Cano et al. [37] developed the solid of SBA-15 with alkali metals (Li, K, and Cs) that generate basic sites of weak and moderate strength. The CO2 molecules adsorb on alkali and/or alkaline earth metals by different species of unidentate carbonates, bidentate carbonates and bicarbonate (as shown in Figure 2) [38,39]. These different species are relevant with different status of the oxygen atoms, in which, isolated O−2 presenting on edges and vertices of small crystals are necessary for the formation of unidentate carbonates, the pairs of M+n-O−2 on Brönsted basic sites are facilitated to the formation of bidentate carbonates, bicarbonate species, which are the most liable in three species, correspond to the superficial OH groups. The strength order of superficial basic sites is proposed as follows: isolated O−2 > M+n-O−2 pairs > OH groups. The negative partial charge of oxygen anions will determine the basicity of the oxide, and the value will decrease with the increase of atomic mass. In the alkali-doped SBA-15 materials, the order of basic strength and types of sites is Li > Cs > K.


Figure 2. CO2 molecules adsorb on alkali and/or alkaline earth metals by different species. Reproduced from Ref. [37], Copyright 2017, with permission from Springer.
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Sun et al. [33] proposed the schematic process of the formation of basic sites on Ca/SBA-15 by the methods of one-pot synthesis and impregnation. By the presence of large amount of superficial OH groups, the well-dispersed Ca2+ in the channels through the one-pot synthesis procedure will react with Si-OH to form CaSiO3 species at 550 °C, and then generates the medium basic sites. While the strong basic sites are formed on the surface of isolated CaO species. In addition, Zhang et al. synthesized Mg-modified SBA-15 catalyst with different content of MgO. The CO2-TPD (CO2-Temperature Programmed Desorption) results proved that the addition of Mg increased the amount of basic sites which was responsible for the enhanced catalytic activity, and these moderate basic sites favored the inhibition of carbon formation during the reaction [40].





2.2. Redox Metal Active Sites


To introduce the redox active sites in the OMSs, various transition metals have been chosen. Tušar et al. [41] prepared solid redox catalysts of mesoporous MnMCM-41 and MnMCM-48, in which the manganese species exist as a distorted tetrahedral coordination of Mn3+ in the framework and the pore architecture of mesoporous silica. The particular coordination of manganese species and the large pore size in the mesoporous silica are beneficial for the conversion of ethyl- and 4-methylethylbenzene reaction. Liang et al. [42] used the coprecipitation method to get the iron-incorporation mesoporous silica that the iron species are acted as two types of active sites, iron atoms in the framework of tetrahedral coordination environment and the extra-framework small oligometric iron species. The iron species in the framework are favorable for the activity of phenol hydroxylation, while the extra-framework species accelerate the deep oxidation to produce more tars during the reaction. Similarly, by the evaporation induced self-assembly (EISA) method, Zhu’s group [43] introduced cobalt species in Co-SBA-16 as isolated Co(II) species in tetrahedral coordination, most of them exist as single framework Co2+ sites while other isolated Co(II) species are located on the surface of SBA-16. The framework and surface Co2+ species in the Co-SBA-16 catalysts both play important roles in the hydroxylation of benzene to phenol.



Moreover, to further improve the redox property of the catalysts, the addition of second transition metal species is considered to be an effective solution. Hu et al. [44] obtained Cux-V-HMS catalysts by incorporating different amount of Cu into the V-HMS catalysts. During the reaction of benzene hydroxylation, the addition of copper in the V-HMS catalysts is favorable for the adsorption of reactants and the redox ability of vanadium species, which would strongly promote the catalytic activity. Shen et al. [45] incorporated different transition metals of Fe, Co, and Ni into the framework of MCM-41 and further used in the photocatalytic hydrogen production. Due to the ligand-to-metal charge-transfer (LMCT) excitation of metallic centers in the framework, Fe-MCM-41 catalyst displayed high photocatalytic activity. While introducing another metal of Ni into the framework, the oxo-bridged bimetallic redox sites are formed in the Fe/Ni-MCM-41 catalysts by the effect of metal-to-metal charge-transfer (MMCT) excitation, and this synergistic effect between Fe and Ni is responsible for the enhanced catalytic activity. Typically, Fe-based catalysts have been investigated to be the efficient catalysts for the Fenton oxidations, and by the co-effect of Fe with additional transition metals (Cu, Ce, etc.), the generation of highly active hydroxyl radicals from hydrogen peroxide would be proceeded. In our former research [46], the Cu–Fe decorated anionic surfactant-templated mesoporous silica (CuFe/AMS) is prepared and used as Fenton-like catalysts in the degradation of methylene blue. The transformation of Fe3+/Fe2+ and Cu2+/Cu+ is the critical step in the overall reaction process which is stimulated by H2O2, and this step is beneficial for the release of •OH radicals, leading to the improvement of catalytic activities.





3. The Introduced Locations of Metal Active Sites in the OMSs


Contributed to the unique characters of mesoporous structure and versatile framework of silicate composites, the metal active sites could not only be just deposited on the surface, but also be introduced to the specific locations in the OMSs, including framework and mesoporous channels. In this case, the metal active sites are correlated by chemical force instead of physical force in the OMSs, and thus the interaction between active sites and support is strengthened, the metals are highly dispersed and the agglomeration and sintering of the metal species are correspondingly inhibited. There are many strategies such as co-hydrolysis, template ion-exchange, solvent induced evaporation, grafting, and so on, achieving this located process. However, the introduction of metal active sites with the assistant of organic groups could be considered as the most convenient and efficient method, in which the active sites are anchored by the organic groups and then being placed in the specific locations.



3.1. In the Mesoporous Channels of OMSs


Mesoporous silica is well-known for its advanced properties of high specific surface area, high porosity and well-defined pore system, which are ideal characteristics as molecules reaction zone [47,48,49,50]. Besides, due to the narrow pore size distribution, the growth of metal particles will be significantly limited in the confined channels. By means of synergetic confinement effect, the interaction between metals and silicon wall is strengthened and the dispersion of these metals is highly promoted in the channels, thus much more quantized active sites are produced [51,52,53]. In the traditional impregnation method, the metal species could be introduced in the channels of mesoporous silica, but the interaction between metal species and silicon wall is weak under this circumstance, therefore, the metal species trend to migrate out of the pore channels and aggregate into bulk particles in the calcining process [54]. In comparison, the forceful metal–support interaction and confinement effect could efficiently stabilize the metal species to prevent their migration and aggregation even diffusion out of mesopores. The methods including post- and in-situ synthesis with the assistant of organic groups are correspondingly used to introduce the metal active sites in the mesoporous channels of OMSs.



3.1.1. Post-Synthesis Method


For the post-synthesis of grafting method, many reviews have been summarized [55,56,57,58], in which the material of mesoporous silica was previously prepared, and then the metal-functional silane coupling agents are grafted on the inner surface of the channels. For example, Ursachi et al. [59] stabilized the nanosized iron oxide inside the pore system of MCM-41. MCM-41 was firstly functionalized by the amino groups of 3-aminopropyltrimethoxysilane (APTES), and then the iron species were introduced by wet impregnation technique. The post-grafting method has been used to obtain highly dispersed heterogeneous composites, but low loading amounts still limit its application. Moreover, the mesopores in the OMSs might also be partially blocked by this method, causing the inhibition of mass transfer and diffusion process. Zhang et al. [60] developed an ultrasonic post-grafting method to fabricate the CuO/SBA-15 composite catalysts, the external surface of SBA-15 was firstly protected by the trimethylchlorosilane (TMCS) and then the inner surface was modified by the 3-aminopropyltriethoxysilane (APTES). By the grafting of TMCS, the growth of copper particles is inhibited due to the lack of silanols or other polar/coordinating groups on the outer surface. The grafting of APTES can improve the ability to anchor copper ions on the internal surface of the channels (Figure 3). With this method, the loading amount and dispersion on the inner surface of the channels in SBA-15 could be successfully promoted.


Figure 3. Schematic illustration of the representative synthesis procedure of CuO/SBA-15. Reprinted from Ref. [60], Copyright 2013, with permission from Elsevier.
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In addition, the template ion-exchange (TIE) method could be considered as another effective post-synthesis method. Kowalczyk et al. [61] deposited the transition metals of Cu, Fe, and Mn into the meso-channels of MCM-41 by TIE method. As shown in Figure 4, during the exchange process, the bonds of Si-O-TM would be formed according to the following equation:


nSi-O−S+ + TMn+ → n(Si-O−)TMn+ + nS+








where S+ stands for alkylammonium cations, TM stands for the transtion metals, and n stands for the oxidation state.


Figure 4. Schematic presentation of the procedure of transition metal deposition on the surface of as-prepared MCM-41 by TIE method: TMn+, transition metal cations; and A−, anions. Reprinted from Ref. [61], Copyright 2017, with permission from Elsevier.
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However, by the deposition of copper species in the channels through this TIE method, nanorod CuO crystallites were formed on the MCM-41 surface, while this aggregation of copper species to CuO crystallites would be fully inhibited by simultaneous deposition of iron/manganese together with copper. Besides, the TIE method caused partial leaching of organic surfactants during the synthetic process, and thus lower amount of heat would be produced in the subsequent calcination step by the exothermal combustion of the residual organic complexes. Therefore, the sintering of the deposited metal species and the shrinking of the porous structure might be relatively limited.



Recently, Cirujano et al. [62] prepared the hybrid materials of (Zr)UiO-66(NH2)/SiO2 in which the metal-organic framework (MOF) nanocrystals of (Zr)UiO-66(NH2) were confined in the mesoporous channels of SBA-15. By this method, the size of MOF crystals is down to a few nanometers by confining within the mesoporous silica, causing the huge increase of the concentration of coordination vacancies at the outer surface of crystal. In addition, owing to the protection of the silica matrix, these MOF nanocrystals display high catalytic activity and stability. For the transformation of steroids and generation of pharmaceutically interesting compounds, the MOF nanocrystals confined in mesoporous silica allows for multiple reuses of the catalyst without significant leaching of the active sites. Furthermore, due to the increased catalytic activity and mechanism stability, this hybrid material could be considered as a potential catalyst in the commercial and industrial application.




3.1.2. Direct-Synthesis Method


As the synthesis of ordered mesoporous silica, the surfactant-directed assembly method is widely used. Besides, the cationic (S+I−) [63], anionic (S−X+I−) [64] and neutral (S0I0) [65] surfactant-templated pathways have been applied to prepare ordered mesoporous silica of MCM, AMS, and HMS, where S stands for surfactant, X stands for counter-ions, and I stands for inorganic precursors.



Cationic Surfactant-Templated Route (S+X−M+I−)


Based on the cationic surfactant-templated route, the assembly for the formation of MCM series has been promoted by electrostatic charge-matching pathways including S+I− and S+X−I+ (S+ stands for cationic surfactants; I− or I+ stands for electronegative or electropositive silicates; and X− stands for counter-anions). Instead of post-grafting method, Singha et al. [66] reported a two-step process of the synthesis of Fe-containing complex onto the channel surface of MCM-41. They prepared a new chelating agent of salimHSi in advance by the mixture of APTES and salicylaldehyde, and then mixed with cetyl trimethyl ammonium bromide (CTAB) and tetraethyl orthosilicate (TEOS) to form the hybrid mesoporous materials MCM-41-salimH. Finally, the ferric chloride solution was added and the iron species were anchored on the chelating agent. During this method, the chelating agent of salimHSi was in-situ introduced in the mesoporous channels and the iron species were post-grafted on the chelating agent. In fact, during the self-assembly process, the transition metals (M+) could be directly introduced by the effect of coulomb interactions in the position between cationic surfactant micelles (S+) and silicate oligomers (I−). To achieve this process, as the schematic mechanism shown in Figure 5, our group developed a direct templating assembly method (S+X−M+I−) to obtain the V/MCM catalysts [67], which was based on the self-assembly of cationic surfactants (CTA+, S+), chelating agents (citrate ions, X−), vanadyl ions (VO2+, M+) and silicate oligomers (I−) via electrostatic and chelating interaction. Through this method, the citrate ions (X−) were firstly absorbed on the surface of CTA+ micelles (S+) by electrostatic interaction, then the vanadyl ions (M+) were subsequently anchored on their surface by chelating with citrate ions to form metallomicelles (S+X−M+), and the electronegative silicates oligomers (I−) were finally deposited on the metallomicelles. For these catalysts, this metallization of the micelles would directly cause the surface functionalization of the silicate wall, and the vanadium oxide species in the channels exhibited a high-dispersion and gradual coverage on the pore wall with increasing vanadium concentration.


Figure 5. Schematic mechanism for material self-assembly. Reproduced from Ref. [67], Copyright 2015, with permission of The Royal Society of Chemistry.
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Anionic Surfactant-Templated Route (M+S−X+I− or S−[MN]+I−)


For the anionic surfactant-templated route, the S−I+ or S−X+I− (S− stands for anionic surfactants, X+ stands for counter-cations) pathway for the AMS series is proposed. In this pathway, aminosilane (e.g., 3-aminopropyltrimethoxysilane, APTES) or quaternized aminosilane (e.g., N-trimethoxylsilylpropyl-N,N,N-tributylammonium, TMAPS) are often used as co-structure directing agent (CSDA) [68]. During the self-assembly process, the positively charged amine or ammonium sites of CSDA (X+) interact electrostatically with the templating anionic surfactant micelles (S−) and the alkoxysilane sites of CSDA cocondense with the electronegative silicates (I−) [69]. Niu et al. [53] developed a one-step method for the synthesis of NiO/SiO2 composites by using N-hexadecyl ethylenediamine triacetate (HED3A) as the mesophase structure-directing agent, and also as a chelating agent binding with nickel ions. During this method, as shown in Figure 6, the nickel ions (M+) were firstly captured by the chelating agent of HED3A to form the metal-chelated complexes of micelle-like aggregates with negative surface charges (S−M+). Besides, the amino groups of APTES would be protonated and transferred into cationic ammonium species (X+) when the pH value is lower than the pKa value of 10.6. These positively charged APTES ammonium sites were bonded with metal-chelated complexes by the electrostatic interactions and the alkoxysilane sites would be co-condensed with TEOS (I−) to assemble in the siliceous framework (M+S−X+I−). In addition, they used the same method to embed the ZnO [52] and NiO [70] nanoparticles in the mesoporous channels of AMS. Similarly, in our group, this pathway of M+S−X+I− has also been used to embed iron [71] and copper [72] species into the channels of AMS, by using sodium N-lauroylglutamate (Sar-Na, S−) as the anionic surfactant, and APTES as co-structure directing agent (X+). Moreover, not only monometallic ion, but also bimetallic ions could be introduced by this route. From the results of Li et al. [46], bimetallic Cu2+/Fe2+ are simultaneously captured by the surface amino acid head of Sar-Na to form the metallomicelles of Sar[CuxFe], and with the help of APTES as the CSDA, TEOS is hydrolyzed and deposited on the metallomicelles, resulting in the fabrication of the bimetallic Cu/Fe functional mesocomposites. Besides, the addition of Cu establishes the firmer interactions between Fe species and silicate wall, leading to the better dispersion of Fe species in the mesochannels of AMS.


Figure 6. Schematic illustration of HED3A-assisted introduction of nickel (II) into mesopores. Reprinted from Ref. [53], Copyright 2011, with permission from Elsevier.
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Notably, for the pathway of M+S−X+I−, the transition metals (M+, positive charge) are enriched on the micelle surface of anionic surfactant (S−, negative charge) by the electrostatic interactions, and thus the interactions between counter cations (X+) and surfactant may be partially inhibited under strong basic conditions. Gao et al. [73] developed a novel templating pathway of S−[MN]+I− to introduce FeOx in the channels of AMS. Fe ions would be previously coordinated on the organic groups of N-[3-(Trimethoxysilyl)propyl]ethylenediamine (APATES) to form Fe[APATES]+ ([MN]+), acting as the co-structure directing agent instead of protonated APTES during the synthesis process. In this case, under strong basic conditions, the protonation would be prevented by the ethylenediamine moieties on Fe[APATES]+, and the Fe[APATES]+ complexes would establish the counterion-mediated interactions between the head group of anionic surfactant (S−) and silicate oligomers (I−).




Neutral Surfactant-Templated Route (S0M+I−)


The assembly for the formation of HMS series is prepared by electrically neutral pathway (S0I0), which depends on hydrogen bonding and self-assembly between neutral surfactants (S0) and neutral silica species (I0). Compared with MCM series through the pathway of S+I− or S+X−I+, owing to the weaker assembly forces by hydrogen bonding, the textural properties of HMS are inferior to that of the MCM series, Therefore, to amend this, a novel metal-assisted templating method of S0M+I− has been proposed. In this method, metal cations (Co2+ [74], Ni2+ [75], Ca2+ [76]) are highly enriched on the interface of neutral primary amine template (dodecyl amine, DDA) through the coordinative assembly to generate the metallomicelles of S0M+. Instead of hydrogen bonding, these metallomicelles are matched with electronegative silicate oligomers (I−) by the counterion-mediated interactions. This metal-assisted pathway facilitates the assembly of the micelles with silicates, and the coverage and dispersion of metal oxides in the mesochannels could be regulated by adjusting the amount of metal cations on the alkylamine micelles. Besides, by encapsulating CaO inside the mesochannels of HMS, an unexpected strong basicity which is superior to that in the traditional CaO-based silicate composites is acquired, and thus the reaction temperature for the synthesis of dimethyl carbonate is significantly decreased. Furthermore, the bimetallic Co-Mn/HMS nanocomposites could also be obtained by this modified micelle template method [77]. As shown in Figure 7, the bimetal cations of Co2+ and Mn2+ are chemically anchored on the surface of S0 by a coordinated interaction and then assembled with electronegative silicate oligomers by electrostatic interaction.


Figure 7. Schematic illustration for the synthesis of Co-Mn bimetallic oxides decorated nanospherical HMS.
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3.2. In the Framework of OMSs


The metal active sites could also be incorporated into the mesoporous silicate matrix. To achieve this progress, many efforts have been put forward, including the direct hydrothermal method (DHT) [78,79], template ion-exchange method (TIE) [80], and wet impregnation method [81]. Particularly, in these methods, DHT is considered to be predominant due to its simplicity in the synthesis procedure, the controllable hydrolysis-condensation speed and high efficiency in incorporating the heteroatoms into the framework, while the rest are liable to induce the formation and aggregation of crystalline metal oxide on the surface of silica, causing the elution of metal active sites in the liquid-phase reactions [49,82]. However, the DHT method is restricted by the rigorous synthetic conditions, especially by pH value [83]. In this case, the interactions of metal species are complicate under different conditions and the simultaneous hydrolysis of multi-type metal precursors and silica resource is hardly to control, thus the synthesis of multi-heteroatoms incorporated silicate composites by this method is more difficult [84].



The ordered periodically mesoporous organosilicas (PMOs) attracted much attention in these years, which are hydrolytic polycondensed from bridged organosilica precursors of [(R’O)3Si]mR (m ≥ 2) with a structure-directing agent, making the organic groups in the framework of mesoporous silica through covalent Si-C bonds [85,86,87]. Through this method, the metal species could be incorporated by binding with organic groups, instead of hydrolysis with silica resource under certain pH value. However, generally, the functionalized PMOs contain chelating groups in the framework but the reactive functional groups in the pore channels, and the organic groups are homogeneous distributed and accessible in the final PMOs materials. Therefore, the presence of organometals and organic groups bonded with silicon in the pore channels may inevitably block the channels and induce the considerable metal leaching. From the reports of Li’s group [88,89], they disclosed new PMOs series by the effects of bridge-bonded organometals and organic groups which are both incorporated in the framework of silica, denoted as M-PPh2-PMO(R), where M stands for Pd2+, Au+, Ru2+, and Rh+ ions, PPh2 stands for PPh2CH2CH2-ligands, R stands for phenyl (Ph) or biphenyl (Ph2) groups. During the preparation, metallic ions are firstly coordinated with PPh2CH2CH2Si(OEt)3 to form the organometal-bridged silanes, and then these organometal-bridged silanes are co-assembled with R-bridged silane and P123 surfactant, finally, the surfactant organic groups are removed by extraction. By the homogeneously incorporation of organometals and phenyl groups in the silicate framework, the well-defined ordered mesoporous channels and strong interaction between metal active sites and silica are obtained in the M-PPh2-PMO(R). Corriu et al. [87,90] used bridged organosilica of tetra-N-silylated cyclam (cyclam is the 1,4,8,11-tetraazacyclotetradecane which is capable of considerable binding ability toward transition metals) as the chelating agent to anchor transition metals (Cu2+, Co2+, etc.). As shown in Figure 8, by the presence of P123 as the structure directing agent, the bridged organosilica is co-condensed with TEOS and organotrialkoxysilane, and thus the active metals are successfully introduced in the framework of PMO material.


Figure 8. The schematic illustration of the grafting and incorporation process of Cu/Co in the PMOs. Reproduced from Ref. [90], Copyright 2010, with permission of The Royal Society of Chemistry.
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In our group [91], as shown in Figure 9, we obtained the V-APATES complexes through the coordination effect between V=O and the organic group of APATES. The vanadium species were firstly coordinated with the organic group to form the functional micelles of V-APATES, then these V-APATES complexes were introduced in the framework by the direct hydrothermal synthesis. Finally, the organic template was removed by extraction to form the V-functionalized PMOs.


Figure 9. The schematic representation of the synthesis of V-PMO materials.
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4. Morphology and Channel Structure in OMSs


The morphology and channel structure of OMSs afford certain effect on the heterogeneous catalytic process because of the existence of internal and external diffusion effects during the reaction process. To our knowledge, the surface structure and state of catalysts trigger the diffusing routes of reactant molecule reaching the surface of catalysts. Therefore, the morphology structure is the vital impact factor during the external diffusion-controlled process, while the channel structure and pore size of catalysts play the essential role in the internal diffusion process. In light of the morphology and channel structure of OMSs, we outline the literature on the morphology and channel structure controlled catalysts.



4.1. Morphology


Generally, bulky catalysts, especially for the mesoporous, silica tend to cause the mass transferring limitation. Therefore, different morphologies of mesoporous silica such as nanosphere, nanowire, nanotube and nanorod are synthesized.



4.1.1. Nanosphere


From our previously report [49], as shown in Figure 10, spherical MCM-48 co-doped by Fe and V was synthesized through one-step hydrothermal method and emerged as the catalysts for the oxidation of aromatic benzene or phenol. During the catalytic process, the spherical catalysts exhibited much higher surface area which is favorable for the dispersion of the active metals, and the regularly spherical morphology would speed up the mass transferring leading to the improved catalytic activity [82,92]. In addition, Rahman et al. [18] prepared the Nb-doped HMS catalysts with different morphologies of sphere, irregular, and tube sphere-like. They found that the catalytic activity of ethylbenzene oxidation is related to the morphology of the catalysts, and the catalyst with regular spherical morphology exhibited better catalytic performance. Xie and his co-workers [93] utilized the mesoporous fiber-like nanospheres as the matrix to support manganese, and the fiber-like pore wall and cross-linking channel further promote the diffusion of reactant molecule.


Figure 10. (a) Scanning electron microscopy (SEM) image; and (b) transmission electron microscopy (TEM) image of the spherical V-Fe-MCM-48 sample.
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However, for the spherical morphology, the channel of micelle-derived mesoporous silica is closed in the center of sphere, therefore, the diffusion of reactant molecules tends to be limited. In this case, the hollow mesoporous silica spheres should be focused on due to their regular morphology, low density, and short diffusion path which permits the convenient diffusion of reactant molecules in and out of the hollow spheres [94,95,96]. Owing to this hollow spherical morphology, the metal-functionalized OMSs catalysts exhibit superior catalytic performances [19,97,98]. The reactant molecules can diffuse through the silica shell to reach the interior of hollow sphere, and thus the frequency of the contact with active metals from both outside and inside is significantly improved, leading to the acceleration of catalytic reaction. Besides, the concentration difference from inside to outside of hollow sphere is favorable to the reactant molecules continually go inside the hollow space, which ensures the sustainability of the reaction.




4.1.2. Nanowire, Nanotube, Nanorod


Normally, the size of spherical OMSs is several μm in diameter, so that the diffusion path of the molecules is at the range of μm. This uncontrollable diffusion range partly limits the mass transportation inside the pores of OMSs. However, it is difficult to shorten the diffusion path by directly reducing the size of the OMSs materials. Therefore, by tuning the size and length of the mesoporous channels, the OMSs could be made into the various morphology of nanowire, nanotube and nanorod [99,100,101,102]. Song and his co-workers [103] produced mesoporous silica nanotubes with different morphology by hard/soft dual template and applied in the hydrogenation of cyclohexene. Compared with the MCM-41-supported catalysts, the mesoporous silica nanotubes exhibited higher yield of cyclohexane, which should be attributed to the faster mass transportation of the reactant and products in the shorter pores. However, they found that the yield of benzene in nanotubes catalyst is lower than that of MCM-41-supported catalyst. To explain this, it should be noted that there are two consecutive dehydrogenation steps in the generation of benzene which need longer resident time of reactant molecules during the reaction, and the short diffusion path in the mesoporous silica nanotubes will be harmful for this progress. Our group developed the mesoporous silica nanotube with the adjustable length/width ratio (Figure 11), and the ulterior function of mesoporous silica nanotube with the transition metal iron and copper was employed through one-step solubilization or doping method [104,105]. During the reaction process, the water solvent would compete the adsorption on the active metals with reactant molecules due to the inner hydrophilic surface of mesoporous silica nanotube. The improved inner diffusion time of reactant by the adjustable length of nanotube could effectively promote the phenol adsorption, making the enhancive catalytic activity. However, the longer diffusion time is favorable for the diffusion of hydroquinone which consequently induces the lower dihydroxybenzene selectivity. Apart from the mesoporous silica nanotube, the mesoporous silica nanowire has also been developed to obtain the hierarchical structure, which regarded as promoted reaction structure in the oxidative desulfurization [106]. Therefore, the manipulation of the size and morphology of OMSs catalysts will directly regulate the catalytic activity as well as the products distribution.


Figure 11. The controllable morphology of mesoporous silica nanotube. Reprinted from Ref. [104], Copyright 2015, with permission from Elsevier.
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4.2. Structure


In the case of pore structure-derived mesoporous silica, the reactant molecule would undergo the different internal diffusion behaviors owing to the various internal pore structures, while the representative structures of mesoporous M41S materials are shown in Figure 12 [107]. For instance, the 2D hexagonal mesochannel could provide the parallel narrow channel for the confined two-path of diffusion including in and out of chemical molecule from the aperture. Mesoporous MCM-41 and SBA-15 are the most widely studied in heterogeneous catalysis, and the corresponding modifications involving the doping and post-impregnation method were conducted. Chen and his co-workers obtained hierarchical mesoporous silica with 2-D hexagonal structure, and this hierarchical silica catalyst exhibited much higher reaction rate in catalytic reduction of 4-nitrophenol [108]. However, the 3D pore channel is more promising in heterogeneous catalysis thanks to the dominant cross-linking pores affording more random diffusion and collision behaviors with the catalytic active sites anchored on the pore wall during the reaction process [109], which is typical in the materials of SBA-16 and KIT-6. Three-dimensional interconnected pore structures are generally expected to be superior to 2-D hexagonal structured materials (with one-dimensional channels), especially in the diffusion and transportation involving bulky molecules [110,111]. Shi et al. [112] reported the hierarchical Ti-SBA-2 with ordered 3-D hexagonal mesostructure for the first time. This well interconnected pore structure is favorable for the accessibility of active sites and the diffusion of reactants and products. In addition, Peng et al. [113] found that the MCM-48 with interconnected pore network provides profitable mass transfer kinetics in competition with the unidimensional hexagonal pores in MCM-41. From the results of Chen’s group [114], the material of Al-SBA-1 which possesses a cage-type structure with 3-D interconnected small open windows was obtained. The 3-D pore system in Al-SBA-1 is capable of resistance to pore blocking and effortless diffusion of reactant molecules, while the mass transfer is limited in the HZSM-5 catalyst. Grams et al. [115] prepared nickel-based catalysts supported on different kind of mesoporous silica including MCM-41, SBA-15, SBA-16 and KIT-6. They found that the different structure properties would considerably influence the yield of the examined reaction. The advanced 3D structure facilitates mass transfer and the number of collisions between nickel species and reaction intermediates are increased during the reaction. In addition to the pore structure, the pore size factor exerts an obvious determined impact for the reactant molecules during the diffusing process [71]. Typically, our previous works [72] demonstrated when the cluster-like CuO species were introduced into mesopores of mesoporous silica, as shown in Figure 13, the enriched micropores emerge due to the occupation of CuO in the channels and enhance the collision and contact of reactant molecules with the catalytic active CuO species on the pore wall.


Figure 12. Structures of mesoporous M41S materials: (a) MCM-41 (2D hexagonal, p6mm); (b) MCM-48 (3D cubic, Ia3d); and (c) MCM-50 (lamellar, p2). Reproduced from Ref. [107], Copyright 2006, John Wiley and Sons.
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Figure 13. The tailored pore channels in CuO-based mesoporous silica through the anionic template-induced method.
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5. OMSs in the Oxidation of Aromatic Compounds


Transition metal modified mesoporous silicas have emerged as the promising oxidation catalysts in the case of the oxidation of aromatic compounds, which ascribe to the superior dispersion and exposure of transition metal atom on the surface of mesoporous silica. These reactions include the oxidation of benzene, styrene, ethylbenzene, phenol, methylbenzene and benzyl alcohol, among others.



5.1. Benzene Oxidation


The direct oxidation of benzene towards phenol attracted the widest attention thanks to its simple and firsthand process, which could alternatively replace traditional three-step cumene process generally suffered from high energy consumption, formation of by-product acetone and low phenol yield (<5%). Therefore, the involved direct hydroxylation of benzene has been intensively studied based on the transition metal modified mesoporous silica. Mohammadi et al. [116] reported the Fe modified SBA-16 for the direct hydroxylation of benzene with 11.7% conversion and 96.4% selectivity towards phenol, and Figure 14 shows a reaction mechanism of the catalytic benzene hydroxylation by H2O2 in the presence of Fe/SBA-16. However, this result seems to be undesirable compared to other functional mesoporous catalysts. For instance, He et al. [117] demonstrated that V functionalized SBA-15 showed superior catalytic activity (34.1% conversion and 93.2% selectivity to phenol) through the functional organic silane (dichlorodimethylsilane) modification to improve the wettability of mesoporous surface. The functional organic group was beneficial to the affinity of reactant molecules with catalyst thereby enhancing the reaction progress. Nevertheless, Sinha and He et al. [44,118] also reported the high conversion of benzene over the V-Schiff-base functionalized mesoporous silica and bimetal V-Cu modified HMS, but the selectivity towards phenol was relatively low just with 60% and 29%, respectively. Additionally, our group has also done much work on the direct oxidation of benzene by using the transition metal modified mesoporous silica. We employed the high content of Cu doping mesoporous MCM-41 [119], wherein the Cu-doped mesoporous MCM-41 afforded the superior catalytic conversion (~30%) for the benzene oxidation, and with the addition of promoters of B, Al, Zr or Ti, the selectivity of phenol could be up to 100%. Owing to the limitation of doping tactic for the mesoporous silica materials, our group [67] also developed the cationic surfactant induced dispersion strategy for the synthesis of highly-dispersed VOx inside the mesopores of MCM-41; consequently, the catalytic active VOx species exhibited the appreciable exposure and corresponding catalytic performance (29.8% conversion and 90% selectivity). Apart from those, the O2 oxidation of benzene was extended by Sun et al. [120]; through V/C modified silica-based mesoporous material and the conversion of benzene, selectivity of phenol was 12% and 100%, respectively. The catalytic properties of different catalysts on benzene oxidation are shown in Table 1.


Figure 14. Mechanism of the Catalytic Benzene Hydroxylation by H2O2 in the Presence of Fe/SBA-16. Reprinted with permission from [116], Copyright 2016, American Chemical Society.
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Table 1. Catalytic properties of different catalysts on benzene oxidation.







	
Catalyst

	
Oxidant

	
Solvent

	
Temperature °C

	
Time h

	
Conv. %

	
Phenol Sel. %

	
Ref.






	
Fe/SBA-16

	
H2O2

	
CH3CN

	
65

	
8

	
12.1

	
96.4

	
[116]




	
V-Ti-MCM-41

	
H2O2

	
-

	
30

	
5

	
22.3

	
94.7

	
[121]




	
V/DMDS-x/SBA-15

	
H2O2

	
HAc

	
70

	
3.5

	
34.1

	
93.2

	
[117]




	
Cux-V-HMS

	
H2O2

	
HAc

	
70

	
3.5

	
31.5

	
29

	
[44]




	
V-Schiff base SBA-15

	
H2O2

	
CH3CN

	
50

	
8

	
37.35

	
60

	
[118]




	
[CuII(tmpa)]2+@Al-MCM-41

	
H2O2

	
Acetone

	
25

	
50

	
11.7

	
>99

	
[122]




	
[(tpa)MnII]2+@Al-MCM-41

	
H2O2

	
CH3CN

	
25

	
25

	
11

	
100

	
[123]




	
F-Ti-M-M

	
H2O2

	
Butanone

	
60

	
30

	
96.6

	
>99

	
[124]




	
Co-SBA-16

	
H2O2

	
CH3CN

	
70

	
4

	
28.8

	
96.6

	
[43]




	
Co-MCM-41

	
H2O2

	
HAc

	
65

	
12

	
35.4

	
100

	
[125]




	
CuO-KIT-6

	
H2O2

	
CH3CN

	
65

	
4

	
51

	
100

	
[126]




	
20Cu-MCM-41

	
H2O2

	
CH3CN

	
65

	
2.5

	
52.9

	
58.9

	
[119]




	
1Cr20Cu-MCM-41

	
H2O2

	
CH3CN

	
65

	
2.5

	
61.0

	
51.7

	
[119]




	
1Al20Cu-MCM-41

	
H2O2

	
CH3CN

	
65

	
2.5

	
33.0

	
100

	
[119]




	
60V/MCM

	
H2O2

	
CH3CN

	
30

	
10

	
29.1

	
90

	
[67]




	
C/V-SiO2

	
O2

	
CH3CN

	
90

	
10

	
12.0

	
100

	
[120]




	
V-SBA-15

	
O2

	
HAc

	
140

	
15

	
4.6

	
61

	
[127]











5.2. Styrene Oxidation


The oxidation of styrene using transition metal-based mesoporous silica has also attracted wide attention because of their excellent catalytic activity. Considerable endeavors have been devoted to the exploration of the enhancement of catalytic properties. Obviously, catalytic conversion of styrene over those catalysts is definitively affected by catalytic metal types especially for metal Ni, Ti, Ce, Co, Mn, Cu and so on. For instance, Wongkasemjit et al. [128] reported that transition metal Ti modified SBA-15 affords 25.8% conversion and 34.2% selectivity to styrene oxide (SO) under a mild reaction condition. Fraile et al. [129] found that Ti/MCM-41 gave 68% conversion and 44% selectivity to styrene oxide using TBHP as the oxidant under 70 °C. Compared to other counterparts, it is noted that the catalytic conversion of styrene based on Co [130] and Ni [131] catalysts can be overtly enhanced to 93.9% and 95.2%, respectively. However, these catalytic results present low selectivity towards styrene oxide, which seems to be undesirable. Therefore, further catalytic research using Mn or Cu based mesoporous silica has been conducted. Liu et al. [132] demonstrated Mn-modified MCM-41 affording 99.5% catalytic conversion and 90.2% selectivity to styrene oxide, extremely beyond most research results, and a possible reaction mechanism for the epoxidation of styrene on Mn-MCM-41 is shown in Figure 15. The catalytic properties of different catalysts on styrene oxidation are shown in Table 2. Besides, the cluster-like CuO dominant nearly-microporous AMS gives the ultra-high catalytic epoxidation activity for the various olefins and the catalytic activity is directly related with the pore size of the catalysts [72]. As illustrated in Figure 16, the CuO-based catalysts based on different kinds of support were prepared and used in the styrene epoxidation. Attributed to the different pore size of each catalyst, the diffused process of reactant molecules in the channels and their interactions with active sites would be different. The narrow channels prevent the fast diffusion process and promote the contact and collision frequency between reactant molecules and active sites. Thus, the micropore-enriched 3CuO-AMS catalyst with highly-dispersed cluster-like CuO displayed improved catalytic performance: 94.5% styrene conversion and 91.7% styrene oxide selectivity.


Figure 15. Possible reaction mechanism for the epoxidation of styrene on Mn-MCM-41. Reprinted from Ref. [132], Copyright 2014, with permission from Elsevier.
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Figure 16. Depiction for the diffusion of styrene inside the pore channels of different catalysts in epoxidation process: (a) 3Cu-MCM-41(d), (b) 3CuO/AMS, (c) 3Cu-SBA-15(d), (d) 3CuO/SBA-15(p), (e) 3CuO/AMS(p).
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Table 2. Catalytic properties of different catalysts on styrene oxidation.







	
Catalyst

	
Oxidant

	
Solvent

	
Temperature °C

	
Time h

	
Conv. %

	
SO Sel. %

	
Ref.






	
In2O3/TUD-1

	
O2

	
DMF

	
130

	
8

	
25

	
60

	
[133]




	
Co/SBA-15

	
O2

	
DMF

	
100

	
6

	
93.9

	
65.5

	
[130]




	
MCM-41-Ni

	
O2

	
DMF

	
100

	
6

	
95.2

	
66.7

	
[131]




	
Cu(II)-Co3O4/KIT-6

	
TBHP

	
DMF

	
70

	
24

	
100

	
45.2

	
[134]




	
Ti/MCM-41

	
TBHP

	
DMF

	
70

	
24

	
68

	
44

	
[129]




	
Cu-KIT-6

	
TBHP

	
CH3CN

	
70

	
6

	
43.5

	
86.6

	
[135]




	
CuO/AMS

	
TBHP

	
CH3CN

	
70

	
6

	
94.5

	
91.7

	
[72]




	
Ce-Ti-TUD-1

	
H2O2

	
DMF

	
80

	
24

	
20.84

	
41.93

	
[136]




	
Ti-MSSs

	
H2O2

	
DMF

	
60

	
6

	
44.7

	
17.7

	
[137]




	
Co-SBA-15

	
H2O2

	
DMF

	
70

	
10

	
34.7

	
88.2

	
[138]




	
Co-MCM-41

	
H2O2

	
DMF

	
70

	
10

	
27.0

	
84.0

	
[138]




	
Ti-SBA-15

	
H2O2

	
DMF

	
25

	
6

	
25.8

	
34.2

	
[128]




	
Mn-MCM-41

	
H2O2

	
DMF

	
25

	
1

	
99.5

	
90.2

	
[132]




	
V/DMDS-x/SBA-15

	
H2O2

	
DMF

	
70

	
5

	
67.1

	
88.5

	
[117]











5.3. Ethylbenzene Oxidation


In the case of the oxidation of ethylbenzene, various transition metal-based mesoporous silica exhibited appreciable catalytic activity and several products, including acetophenone (AP, main product), 1-phenylethanol (PE) and benzaldehyde (BP), have been involved. Especially, the transition metals of Mn, Co, and Cu have been used most widely. Liu et al. [139] synthesized Co-based Co-N-C/SiO2 catalyst, which affords 12.9% conversion and 76.1% selectivity towards AP. Subsequently, Liu et al. [140] developed the Mn-based Mn-N-C/SiO2 using Mn-porphyrin as the precursor with the enhancive catalytic conversion of 15.7% for ethylbenzene. The tert-Butyl hydroperoxide (TBHP) induced oxidation process has also been studied by Singh et al. [141] using the Co-HMS through the heterogenization of cobalt acetylacetonate; they demonstrated 49% conversion but with the sacrificed selectivity of 60% to AP. Jermy et al. [142] obtained 53.9% conversion and 81.3% selectivity to AP on the catalyst of highly ordered three-dimensional V-SBA-16 and a plausible reaction mechanism is shown in Figure 17. To our delight, the big breakthrough towards the oxidation of ethylbenzene using a magnetism-responsive Fe3O4@SiO2-NH2@CS-Co(II) has been reached by Zhai et al. [143]. An 82.5% conversion with a relatively high selectivity of 80.4% to AP was observed in the H2O2 oxidation system. On the other hand, the Mn-based mesoporous silica has been improved using different types of mesoporous support such as MCM-48 [41], or TUD [144], where 33% and 40% conversion of ethylbenzene can be obtained, respectively. The further exploration of ethylbenzene oxidation using Gr and Cu supported mesoporous silica has made big progress: a Gr-MCM-41 catalyst gave a 66% conversion and 90% selectivity to AP [145]. Surprisingly, Burri et al. [146] developed Cu-SBA-15 catalyst with 94% conversion and 99% selectivity towards AP under multiple reuse process, which gives extremely promising industry potential. The catalytic properties of different catalysts on ethylbenzene oxidation are shown in Table 3.


Figure 17. Plausible reaction mechanism for the selective oxidation of ethylbenzene to acetophenone over V-SBA-16 mesoporous molecular sieves. Reprinted from Ref. [142], Copyright 2011, with permission from Elsevier.
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Table 3. Catalytic properties of different catalysts on ethylbenzene oxidation.







	
Catalyst

	
Oxidant

	
Solvent

	
Temperature °C

	
Time h

	
Conv. %

	
Sel. %

	
Ref.




	
AP

	
PE

	
BP






	
MnOx/TS-1

	
O2

	
\

	
150

	
1

	
37.1

	
68.6

	
20.4

	
3.4

	
[147]




	
Mn-N-C@SiO2

	
O2

	
\

	
120

	
5

	
15.7

	
73.6

	
19

	
7.4

	
[140]




	
Co(III)(cyclam)py2-SBA-15

	
O2

	
\

	
RT

	
5

	
30

	
70

	
-

	
-

	
[148]




	
Co-N-C/SiO2

	
O2

	
\

	
120

	
5

	
12.9

	
76.1

	
17.5

	
6.3

	
[139]




	
Co/SBA-15

	
O2

	
\

	
120

	
9

	
70.1

	
83.7

	
4.1

	
0.1

	
[149]




	
MnMCM-41

	
O2

	
\

	
110

	
6

	
34

	
88

	
-

	
-

	
[41]




	
CrMCM-41

	
O2

	
\

	
95

	
24

	
66

	
90

	
-

	
-

	
[145]




	
SF-ATPS-Mn(III)TMCPP

	
TBHP

	
-

	
150

	
24

	
40.8

	
96.6

	
2.2

	
1.2

	
[146]




	
MnTUD-1

	
TBHP

	
CH3CN

	
80

	
8

	
19.8

	
60.8

	
26.6

	
12.6

	
[144]




	
Mn-MCM-41

	
TBHP

	
CH3CN

	
80

	
6

	
57.7

	
82.2

	
-

	
18

	
[150]




	
Mn-MCM-41

	
TBHP

	
-

	
80

	
24

	
66.1

	
43.8

	
40.8

	
5.1

	
[151]




	
Mn-Ti-MCM-41

	
TBHP

	
CH3CN

	
80

	
2

	
92

	
87

	
9

	
4

	
[152]




	
Co-HMS

	
TBHP

	
-

	
80

	
24

	
49

	
60

	
25

	
15

	
[141]




	
CoTUD-1

	
TBHP

	
CH3CN

	
80

	
8

	
38

	
74

	
17

	
9

	
[153]




	
V-SBA-16

	
TBHP

	
CH3CN

	
80

	
24

	
53.9

	
81.3

	
18.5

	
-

	
[142]




	
MCM-41-L/CuCl2

	
TBHP

	
CH3CN

	
30

	
24

	
45

	
98

	
-

	
-

	
[154]




	
Fe3O4@SiO2-NH2@CS-Co(II)

	
H2O2

	
HOAc

	
70

	
1

	
82.5

	
80.4

	
-

	
-

	
[143]











5.4. Other Oxidation of Aromatic Derivatives


Additionally, transition metal-based mesoporous silicas have also been widely applied in other aromatic derivatives oxidation, such as phenol, methylbenzene, benzyl alcohol, naphthalene, etc., because of their similar mild reaction conditions. Especially, the phenol oxidation towards dihydroxybenzene shows considerable attraction. Based on plenty of research, the transition metals Sn [155,156], Cu [157,158], Mn [159], Fe [42,71,160,161], Co [74,162], etc. exhibit efficient catalytic conversion for phenol oxidation. Iron atom emerging as the active species affords the special catalytic conversion in the aqueous reaction system, and Fe-based mesoporous silica is thereby regarded as a promising catalyst in the phenol oxidation. Besides, the morphology and structure of the catalysts would directly influence the catalytic performance. Based on our previous reports [107], through controlling the length from 150 nm to 1.2 μm, the Fe-based mesoporous silica nanotubes (Fe-NTRs) show the adjustable catalytic property corresponding to different diffusing rates. Owing to the hydrophilic inner surface of Fe-NTRs by the presence of abundant silanol groups, the adsorption of solvent water is competitive with the reactant molecules of phenol on the active sites. In this case, the longer length of nanotubes effectively increases the inner diffusion time of reactors (Figure 18). Therefore, by increase the length of Fe-NTRs, the adsorption of phenol on the active sites was improved, and the conversion rate of phenol was accordingly promoted (Table 4). However, it is worth noting that the single-metal iron modified mesoporous silica tends to give the low selectivity of dihydroxybenzene thanks to the superior oxidation capacities of Fe/H2O2 Fenton system [105]. Therefore, many studies have developed the promoted metal catalysts doping tactic to improve the catalytic selectivity of dihydroxybenzene [83,163,164]. Metal promoters such as Mn and Al can efficiently enhance the dihydroxybenzene selectivity during the reaction process. Apart from these, our group directly incorporated Fe2O3 clusters inside the mesoporous AMS [71], and the encapsulation of FeOx resulted in the formation of enriched micropores in the Fe/AMS catalysts. As shown in Table 5, due to shape selective of the microporous materials of TS-1 (Titanium Silicalite-1) and ZSM-5, the relatively large molecules of by-products could be hardly produced in the microporous channels, leading to extremely high selectivity of dihydroxybenzene. However, compared with AMS-series materials, the low surface area of TS-1 and ZSM-5 leads to decreased number of exposed active sites, making low catalytic activity. Based on these, attributed to the enriched micropores and high surface area, the Fe/AMS catalysts display high catalytic conversion and certain selectivity to dihydroxybenzene for the phenol hydroxylation.


Figure 18. Release profiles of typical 5 R1 and 5 R4 with different lengths. Reproduced with permission from [107]. Copyright 2015, John Wiley and Sons.
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Table 4. Catalytic activity of Fe–NTRs with different length. Reproduced with permission from [107]. Copyright (2015) John Wiley and Sons.







	
Samples

	
Length (μm)

	
Iron Content a (wt. %)

	
X b (%)

	
S c (%)

	
Y d (%)

	
Cat./Hyd. e






	
5 R1

	
0.15

	
0.68

	
35.5

	
61.8

	
21.9

	
1.55




	
5 R3

	
0.60

	
0.65

	
48.8

	
55.6

	
27.1

	
1.49




	
5 R4

	
0.80

	
0.65

	
50.1

	
50.5

	
25.3

	
1.48




	
5 R5

	
1.20

	
0.65

	
40.6

	
47.2

	
19.2

	
1.42








a ICP results; b Phenol conversion; c Dihydroxybenzene selectivity; d Yield; e Molar ratio of catechol/hydroquinone.








Table 5. The catalytic activities of the samples with different pore size for phenol hydroxylation.







	
Samples a

	
Pore Size b (nm)

	
Fe/Si c (wt. %)

	
Fe/Si d (wt. %)

	
X(Ph) e (%)

	
S(CAT) f (%)

	
S(HQ) g (%)






	
0.05Fe/AMS

	
1.72

	
1.11

	
0.92

	
29.8

	
44.3

	
28.4




	
0.1Fe/AMS

	
1.72

	
2.23

	
1.62

	
34.8

	
49.4

	
29.7




	
0.15Fe/AMS

	
1.72

	
3.50

	
2.53

	
44.3

	
52.2

	
30.4




	
0.20Fe/AMS

	
1.67

	
4.67

	
2.89

	
43.6

	
50.1

	
30.3




	
0.15Fe/MCM-41(p) h

	
2.40

	
3.50

	
2.52

	
38.6

	
32.8

	
18.6




	
0.15Fe/SBA-15(p)

	
5.40

	
3.50

	
2.61

	
40.1

	
26.1

	
19.4




	
0.15Fe/AMS(p)

	
2.60

	
3.50

	
2.50

	
36.7

	
31.4

	
19.6




	
TS-1

	
0.54

	
-

	
-

	
29

	
50.2

	
49.8




	
Fe-ZSM-5

	
0.50

	
2.00

	
1.54

	
32.9

	
60.5

	
39.5








a Reaction conditions: molar ratio, phenol/H2O2 = 2:1, time, 2 h, reaction temperature, room temperature; b It is calculated by BJH method using desorption data; c The initial Fe/Si mass ratios in the synthesis gel; d Fe/Si mass ratios are determined by ICP-AES (Inductively Coupled Plasma-Atomic Emission Spectrometry); e The conversion of phenol; f The selectivity of catechol; g The selectivity of hydroquinone; h The post synthesized sample.








The oxidation of methylbenzene based on the transition metal-based mesoporous silica catalyst has afforded some considerable catalytic results. It is worth noting that the selective oxidation of methylbenzene towards benzyl alcohol, benzaldehyde and benzoic acid gives industry the possibility of utilizing methylbenzene towards value-added chemicals. For instance, Mao et al. [165] demonstrated the Mn-based SBA-15 can efficiently catalyze methylbenzene to benzoic acid with the 24.7% conversion and 79.5% selectivity. Mou et al. [166] used tripodal tridentate copper complex containing mesoporous silica to efficiently activate the methylbenzene aliphatic C-H bond and synthesize the benzyl alcohol, and benzaldehyde. Moreover, the total oxidation removal of methylbenzene could be obtained over the various metals modified mesoporous silica such as Co-MCM-41 [167], Cu-MCM-41/SBA-15 [168,169], Mn-SBA-15 [170], Fe-Ti-MCM-41 [171], Cu-Mn-MCM-14 [169], etc. Furthermore, the further oxidation of benzyl alcohol has also been noticed using the transition metal-based mesoporous silica. For example, Casuscelli et al. [172] reported V-, Fe-, and Co-MCM-41 for the oxidation of benzyl alcohol, but only the Fe-based MCM-41 gives relatively remarkable catalytic activity of 13.3% conversion and 90.5% selectivity towards benzaldehyde (BP). Afterwards, Cai et al. [173] developed the ion liquid-FeCl3 mesoporous silica, and an enhancive catalytic activity has been reached that conversion of 61.8% and selectivity of 73.6% to BP. Interestingly, the Co-Schiff-based heterogenized mesoporous silica has been demonstrated by Sinha et al. [174] and affords 98% yield of BP.





6. Summary and Outlook


During the past few decades, introduction of different kinds of acidic/basic and redox metal active sites into the specific locations of OMSs, including mesoporous channels and framework, with the assistant of the organic groups and the applications of metal-functionalized OMSs in the oxidation of aromatic compounds have obtained great achievements. The direct synthesis pathways of metal-functionalized OMSs have been reported, and the influence of morphology and channel structure of OMSs on the external and internal diffusion has been outlined. The transition metal functionalized OMSs showed good catalytic activity in various kinds of the oxidation of aromatic compounds.



However, there are still several challenges for the future studies and practical applications of metal-functionalized OMSs. Firstly, the decoration of active metals in the specific locations by the direct synthesis routes with the help of organic groups would open a new vision in the creating of metal-functionalized OMSs. Although the strong interactions between active metals and support were obtained in OMSs with the help of organic groups, the controllable morphology and structure of OMSs synthesized by these direct synthesis routes have not been well developed. Secondly, some efforts have been put forward on the controllable morphology and structure of the metal-functionalized OMSs catalysts, but the mechanistic aspects of these process have not been completely understood. Obviously, in this review, the morphology, particle size, and size and length of the pore channels of OMSs materials significantly influence the reaction process on OMSs catalysts. It is still difficult to understand the relationship of the structural morphology of OMSs to the electronic structure of active species, thus the development of advanced characterization techniques is needed. Finally, the oxidation of aromatic compounds through the transition metal modified OMSs are extremely promising thanks for the ideal mesoporous carrier. However, the decoration of multiple metal active species and their synergistic interactions on the surface of mesoporous silica remain to be explored in the future.
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