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Abstract:

 Mesoporous silica materials (MSM) with ordered and controllable porous structure, high surface area, pore volume and thermal stability are very suitable catalyst supports, because they provide high dispersion of metal nanoparticles and facilitate the access of the substrates to the active sites. Since the conventional wet-impregnation and deposition-precipitation methods are not appropriate for the incorporation of gold nanoparticles (AuNPs) into MSM, considerable efforts have been made to develop suitable methods to synthesize Au/MSM catalysts, because the incorporation of AuNPs into the channel system can prevent their agglomeration and leaching. In this review, we summarize the main methods to synthesize active gold catalysts supported on MSM. Examples and details of the preparative methods, as well as selected applications are provided. We expect this article to be interesting to researchers due to the wide variety of chemical reactions that can be catalyzed by gold supported catalysts.
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1. Introduction

After the pioneering works of Hutchings [1] and Haruta et al. [2], the high activity of gold catalysts has demonstrated that gold can be the catalyst of choice for an important number of chemical reactions such as selective oxidations and hydrogenations of organic substrates [2–6], water-gas shift reaction [7–9], acetylene hydrochlorination [10,11], direct synthesis of hydrogen peroxide [12], reduction of NO to N2 [13,14] and the addition of nucleophiles to acetylenes [15], among others [16,17]. Although gold has been sometimes alloyed with other metals such as Pd, Cu and Ag, in most cases, gold alone exhibits high and exceptional catalytic activity.

Notwithstanding the origin of the active sites associated to the supported gold catalysts is still under debate because of their very complex nature, and still remains challenging for the homogeneous control of particle size distribution of the supported gold nanoparticles, heterogeneous gold catalysis can be currently considered as a mature topic. As illustrated in Figure 1, the published papers on the topic of gold catalysis have augmented exponentially in the last 20 years, and the rate of publication shows no declining signs. Moreover, the numerous reviews covering a wide range of applications of gold catalysts and the most relevant aspects of gold chemistry [17–30] have provided a huge and fascinating understanding of catalysis by gold. From all this available literature, nowadays it is well known that the catalytic activity of gold catalysts is highly influenced by [31–33]: (i) the size and shape of gold particles; (ii) the catalyst synthesis methods; (iii) the nature of support; (iv) the gold-support interface interactions; and (v) the oxidation state(s) of gold in the synthesized catalysts. Furthermore, it has been reported that the synthesis of gold catalysis by the conventional incipient wetness impregnation method yields AuNPs larger than 30 nm, due to the weak interaction of the most commonly used gold precursor (HAuCl4) with the metal oxide support. The chloride remaining on the support promotes the aggregation of AuNPs and may poison the active sites of the catalyst [18,22,34]. Consequently, numerous papers describing different methods to incorporate AuNPs on a variety of metal oxides, including TiO2, Al2O3, Fe2O3, CeO2, Co3O4, ZrO2, MgO and SiO2 have been published by different research groups to overcome this problem [18,35,36]. Depending on the metal oxide support, gold catalysts can be synthesized mainly by deposition-precipitation, co-precipitation, colloidal dispersion and gas- and liquid-phase grafting of organo-gold complexes. Deposition-precipitation has been the most used method for the preparation of gold catalysts supported on metal oxides having high IEP, such as TiO2, Fe2O3, Al2O3, ZrO2 and CeO2 [36]. However, in the case of supports having low IEP, such as SiO2 (IEP ∼2), the deposition-precipitation method is not appropriate for the incorporation of AuNPs, because under the high pH conditions required to hydrolyze the HAuCl4, commonly used as gold precursor, the weak interaction between the negatively charged silica surface and the [Au(OH)nCl4−n]− species hinders the gold adsorption and facilitates the mobility of AuNPs, which can sinter easily during the synthesis process, especially during the calcination step, yielding low gold loadings and inactive catalysts [37].

Figure 1. Published papers on the topic of gold catalysts. Source: Web of Science, Thomson Reuters. Consulted: 23 November 2011 [38].
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Mesoporous silica materials with ordered and controllable porous structure, excellent mechanical properties, high surface area, pore volume and thermal stability are very suitable catalyst supports, because they provide high dispersion of metal nanoparticles and facilitate the access of the substrates to the active sites [39]. Consequently, considerable efforts have been made for developing suitable methods to synthesize gold catalysts supported on these materials, because the incorporation of AuNPs into the channel system can prevent their agglomeration and leaching.

In principle, gold can be loaded into MSM during or after the synthesis of the mesoporous silica support [40]. The most used methods for preparing Au/MSM catalysts include the modification of the MSM support with organic functional groups by post-grafting or co-condensation before gold loading [41,42], one-pot synthesis by the incorporation of both gold and the coupling agent containing functional groups into the MSM synthesis [43], the use of cationic gold complexes such as [Au(en)2]Cl3 (en = ethylenediamine) [44], chemical vapor deposition using expensive organometallic gold precursors [45], synthesis of the MSM in the presence of gold colloids [46,47], dispersion of gold colloids protected by ligands or polymers onto SiO2 [46,47], and modification of the mesoporous SiO2 supports with other metal oxides, such as TiO2, Al2O3 and CeO2 to prepare SiO2-based gold catalysts [48,49].

Although there are several published reviews on different aspects of gold catalysis [17–30], as mentioned previously, to the best of our knowledge the synthesis of gold catalysts supported on MSM have not been extensively reviewed. Only two interesting contributions focusing on the preparation of Au/SiO2 catalysts, mainly for CO oxidation, have been published by Ma and Dai [35] and Ma et al. [36]. Herein we reviewed the main methods to synthesize gold catalysts supported on MSM, as well as some selected examples of their catalytic applications, in order to contribute to the fascinating topic of catalysis by gold. Because of the large number of available literature and applications, neither the characterization methods of the synthesized gold catalysts nor the physical chemistry of the catalytic reactions is covered in this review. Readers interested on these topics can find useful information in this special issue of Catalysts, in the recent thematic issue of the Chemical Society Reviews (2008 Gold: Chemistry, Materials and Catalysis issue), and in the current specific literature [5,35,40,50].



2. Methods to Synthesize Active Gold Catalyst Supported on MSM


2.1. Postsynthetic Functionalization of MSM (Grafting) Before Gold Loading

The subsequent modification of the silica surface with organic functional groups (commonly named grafting [51]) prior to the gold loading, has been a surface-engineering strategy to promote the interaction between the frequently used HAuCl4 gold precursor and the mesoporous silica support, which lead to avoid the mobility and aggregation of the AuNPs on the silica surfaces. After functionalization, the MSM adsorb easily the AuCl4− ions, by the formation of a monolayer of positively charged groups on the pore surface. Upon calcination or chemical reduction with NaBH4, the metallic gold precursor evolves in highly dispersed metal AuNPs. The general procedure to synthesize gold catalysts following this approach, summarized in Figure 2, consists normally of two general steps: (i) the grafting of the stabilizing ligands into the inner surfaces of the mesoporous silica material; and (ii) the gold loading. The first step consists in the reaction of a suitable organic functional group (usually organosilanes containing amine or thiol groups) with the mesoporous silica support using an appropriate solvent (normally toluene or ethanol) in a refluxing system under nitrogen [20,52,53]. The resulting solids are subsequently recovered by filtration, washed with the solvent and dried. In the second step, the functionalized MSM are dispersed in a yellow solution of the gold precursor (commonly HAuCl4) under vigorous stirring. Then, the solution turns colorless, while the solids become yellow, indicating that the ion-exchange between the gold precursor solution and the functionalized MSM support has been attained. After filtration, the gold catalysts are washed with abundant deionized water to remove the residual chloride ions, dried and subsequently calcined to remove the functional ligands, and to reduce the oxidized Au3+ species to metallic Au0 gold particles strongly attached to the support [18]. The catalysts prepared under this approach, can also be reduced in H2 or chemically using NaBH4 solution [54].

Figure 2. General procedure to synthesize gold catalysts by post-synthetic functionalization of the MSM before gold loading.
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This method has been used for the synthesis of numerous gold catalysts supported on different mesoporous silicas such as MCM-41, MCM-48, SBA-11, SBA-12, SBA-15, SBA-16, HMM-2 and HMS, as summarized in Table 1 and illustrated in Figure 3. Some relevant catalysts synthesized by this method and their catalytic applications are highlighted below.

Figure 3. TEM (a,b,c) and HAADF STEM (d,e,f) images of gold catalysts supported on different MSM prepared by using the postsynthetic functionalization of MSM before gold loading. (a) Au/SBA-15 modified with APS (Reproduced by permission of Elsevier from Reference [54]); (b) Au/SBA-16 modified with APTS (Reproduced by permission of Elsevier from Reference [65]); (c) Au/MCM-41 modified with APTS (Reproduced by permission of Elsevier from Reference [65]); (d) Au/HMM-2 modified with APS (Reproduced by permission of ACS Publications from Reference [56]); (e) Au/SBA-12 modified with APS (Reproduced by permission of ACS Publications from Reference [56]); (f) Au/SBA-11 modified with APS (Reproduced by permission of ACS Publications from Reference [56]); (g) Au/SBA-15 modified with PANAM (Reproduced by permission of Elsevier from Reference [66]); (h) Au/SBA-15 modified with TPED (Reproduced by permission of Elsevier from Reference [68]); (i) Au/SBA-15 modified with Py (Reproduced by permission of Elsevier from Reference [68]).
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Chi et al. [54] synthesized AuNPs confined in the channels of MCM-41, MCM-48 and SBA-15 by previous modification of their surface with APS. To do this, the as-synthesized MCM-41 and MCM-48 materials were first acidified with nitric acid solution (pH < 1.0), and then, the as-synthesized SBA-15 and the acidified MCM-41 and MCM-48 silicas were modified with APS in a reflux system for 3–6 h at about 70 °C, using ethanol as solvent. After filtration, washing and drying, the resulting surface-functionalized solids were mixed with HAuCl4 aqueous solution, and the slurry was chemically reduced with NaBH4 solution. The catalysts (Au-loading of 4%wt), activated by calcination at 560 °C with subsequent heating to 600 °C under H2/N2 flow for 1 h, were active for CO oxidation, and showed an average Au particle sizes of 5.1, 6.9 and 5.5 nm on MCM-41, MCM-48 and SBA-15 supports, respectively. The smaller the Au particle size, the higher the catalyst activity. Moreover, the XPS analysis revealed that AuNPs were present on the catalysts in the metallic Au0 state.

Richards group [57] used APS and MPTS as stabilizing ligands, to immobilize AuNPs into mesoporous SBA-15. The resulting gold catalysts (Au-loading ∼4%wt) were highly active for the aerobic oxidation of cyclohexane, and conversions ranging between 21 and 32% after 6 h reaction at 150 °C and 1.5 MPa of oxygen pressure were attained. Although the synthesized Au/SBA-15 catalysts showed smaller surface area and pore size than pure SBA-15, they retained the characteristic isotherm shape of the mesoporous materials, demonstrating that SBA-15 support was stable to the surface modification and gold loading. AuNPs along the channels of the silica walls with mean particle sizes of 2.8 and 6.5 nm were obtained when using APS and MPTS, respectively. According to these authors, the smallest AuNPs were obtained using APS, because the aqueous solution precursor AuCl3OH−can interact strongly with the amine groups, preventing the agglomeration of particles during the synthesis process.

The preparation of dispersed AuNPs in mesoporous SBA-15 using TPTAC as functionalizing agent has been reported by Yang et al. [41,58]. Gold was loaded on the functionalized SBA-15 using HAuCl4 solution as precursor, and the slurry was chemically reduced with NaBH4 aqueous solution. After filtration, washing with water and acetone, and drying in ambient conditions, the catalysts (Au loading of 4.8%wt) showed dispersed metallic (Au0) AuNPs located in the SBA-15 channels, with a mean size of approximately 4.5 nm, which were active for CO oxidation in the temperature interval between 30 and 90 °C. The catalysts reduced under H2 at 200 °C did not show catalytic activity in CO oxidation at room temperature.

Recently, Wei et al. [84] developed a modified external passivation route to control the location and the distribution of AuNPs in periodic mesoporous organosilica. In this approach, the catalysts synthesis method consisted in three main steps: (i) one external passivation of the PMOs with a long chain of hydrophobic n-octadecyltrimethoxysilane, to obtain C18TMS-PMOs material; (ii) the internal amino-functionalization of the C18TMS-PMOs material with aminopropyl groups (APS); and (iii) the Au impregnation of the obtained NH2-C18TMS-PMOs support using HAuCl4, followed by reduction under H2 at 100 °C for 2 h. The synthesized catalysts displayed the typical mesoporous structure and narrow pore size distribution of the PMOs, and were active for the reduction of methylene blue. In this interesting method of synthesis, to avoid the adsorption of AuNPs onto the PMOs external surface, the functionalization with C18TMS was made, because it has no affinity to gold complex. However, to introduce AuNPs into the channels of the PMOs, the internal surface was modified with APS, which significantly enhanced the adsorption of AuNPs with particle sizes between 3 and 5 nm inside the pores of the silica material. This approach is a good example of how the surface-engineering can be used in order to control the location of the AuNPs into MSM.

Since the MSM have not the same structural properties, the Dai's group [70] evaluated the influences of the synthesis conditions and mesoporous structures on the AuNPs supported on different mesoporous silicas (HMS, MCM-41, MCM-48, SBA-15 and SBA-16). The MSM were modified with two different amine ligands (APTS and TPED) using toluene as solvent. The functionalized silica materials were washed several times with a large quantity of ethanol and toluene, and then vacuum-dried at 80 °C for 6 h. Gold was incorporated into the mesopores by mixing HAuCl4 dissolved in water or ethanol with the silica hosts, followed by sonication for 30 min. The resulting materials were finally filtered, vacuum-dried at room temperature and calcined at 200 or 550 °C for 1 h. On the basis of the obtained materials characterization, the following conclusions were drawn: (i) Bigger AuNPs were generated when using diamine instead of monoamine ligand, and when ethanol was used as solvent. Although the explanation of this behavior was related to the fact that the use of diamine ligand could have facilitated a higher uptake of gold and that ethanol could have facilitated the reduction of gold cations, unfortunately the amount of loaded gold on the synthesized materials was not reported; (ii) The gold particle size increases with the calcination temperature, but the extent of sintering is different with different mesoporous hosts; (iii) The size of nanopores may play a role in determining the thermal stability of AuNPs against sintering; (iv) Bicontinuous pore structures such as HMS, MCM-48 and SBA-16 materials could lead to the sintering of gold nanoparticles, whereas one-dimensional pore channels such as MCM-41 and SBA-15 materials could mitigate the sintering of AuNPs. These results were in agreement with the previous works carried out by Bore et al. [56] and Gabaldon et al. [55], who studied the incorporation of gold on a variety of mesoporous silica materials (MCM-48, SBA-11, SBA-12, SBA-15 and HMM-2) with different mesoporous architectures, and concluded that 1-D mesoporous architectures were most effective for controlling Au sizes, than cubic and 3-D mesoporous architectures, because the easier access and connectivity of the 3-D structures facilitates the particle growth, while when using 1-D mesoporous silicas, the amount of free gold that can participate in Ostwald ripening is limited. Moreover, these authors pointed out that among the 1-D pores, the curved pores were better for confining Au particles than the 1-D straight pores, and that small pore sizes are not sufficient to control the Au particle size.

The post grafting functionalization has been also used for synthesize supported bimetallic gold catalysts. For example, a four step grafting method was used by Ma et al. [59] to modify mesoporous SBA-15 before gold loading. Firstly, the as-synthesized SBA-15 was grafted with MPS, and after removing the surfactant template by ethanol extraction and subsequent calcination at 300 °C for 4 h, the MPS functionalized SBA-15 was grafted again with APTS. This double modified material was loaded with both Au and Au-Pd particles, using HAuCl4 and Pd(NO3)2 aqueous solutions, respectively, and calcined at 200 °C for 2 h. Gold and palladium particles penetrate the pores of SBA-15 owing to the high affinity of the –NH groups to the binding metals [59]. The resulting Au/SBA-15 and Au-Pd/SBA-15 catalysts conserved the mesoporous structure of the support, and were active for the oxidation of benzyl alcohol under air flow at 80 °C in alkaline media. According to these authors, the addition of Pd to Au/SBA-15 catalyst decreased the size of AuNPs from 10 to 5 nm, contributed to their uniform dispersion, increased the activity and retained high selectivity towards benzaldehyde. Yang et al. [60] immobilized Au and Au-In nanoparticles on SBA-15 using APS as functionalizing agent. The spherical Au and Au-In particles with average size of around 2 nm were homogeneously dispersed on the mesopore walls of SBA-15, and were highly active and selective for the hydrogenation of crotonaldehyde to crotyl alcohol in liquid phase. Yen et al. [89] used APS to functionalize the surface of mesoporous MCM-41 for the synthesis of bimetallic Au-Ag/MCM-41 catalysts. The catalysts, activated by calcination with subsequent hydrogen reduction at 600 °C, showed Au-Ag bimetallic nanoparticles with sizes ranging between 4 to 6 nm, and exhibited high activity in catalysis for low-temperature CO oxidation with high stability. Moreover, these catalysts were resistant to moisture over a long storage time. Liu et al. [90] prepared Au-Cu alloy nanoparticles with sizes of around 3 nm in the confined space of mesoporous SBA-15 using APTS to functionalize the support surface. The calcined (at 500 °C for 6 h) and subsequently reduced under H2 (at 550 °C for 2 h) catalysts, showed much better performance than monometallic gold particles in catalyzing CO oxidation. Recently, Chen et al. [80] modified the SBA-16 surface with APTS to prepare Au-Pd/SBA-16 catalysts. The highly dispersed Au-Pd bimetallic nanoparticles with a mean diameter ∼6 nm were active for the selective solvent-free oxidation of a variety of aromatic alcohols and maintained good catalytic stability after recycling.

The above mentioned examples demonstrate that the postsynthetic functionalization of MSM with organic moieties containing polar groups such as –NH2, –SH, etc. before gold loading, may be a good way to synthesize Au/MSM catalysts. However, this method not allows the homogeneous distribution of the organic functional groups in the pore surface, because it depends on numerous parameters, such as the number of the surface silanol residual groups, the diffusion of reagents through the pores channels, and steric factors [91]. Consequently the AuNPs are not homogeneously distributed after gold loading [92]. Moreover, the grafting procedure lead to a reduction of the specific surface area and the pore volume of the MSM [91], which are normally further reduced after gold incorporation.



2.2. Self-Assembly Functionalization of MSM Before Gold Loading

The self-assembly functionalization of MSM before gold loading consists in the co-hydrolysis and polycondensation of the silica source with the organic functional groups (mainly organosilanes, RSi(OR')3) in the presence of a structure-directing agent. This method of synthesis enables the functional groups to be anchored covalently with regular distribution inside the pore walls of the MSM [51,91]. Moreover, pore blocking is not a problem, because the functional organic groups are direct components of the silica matrix [51,91]. The gold loading is carried out in a subsequent step, mainly by deposition-precipitation using HAuCl4 as gold precursor. After filtration, the synthesized gold catalysts are washed with abundant deionized water to remove the residual chloride ions, dried and subsequently calcined to remove the functional ligands and to reduce the oxidized Au3+ species to metallic Au0 gold particles. The catalysts prepared following this approach can also be reduced in H2 or chemically using NaBH4 solution [54]. Figure 4 presents a general scheme of this synthesis procedure. In Table 2 we present the characteristics of the Au/MSM catalysis prepared following this method of synthesis, whereas some interesting papers are briefly discussed below.

Figure 4. General procedure to synthesize gold catalysts by self-assembly functionalization of MSM before gold loading.
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Table 2. Characteristics and catalytic applications of the Au/MSM catalysts synthesized by self-assembly functionalization of MSM before gold loading.











	Support
	Functional ligand
	Au precursor
	Au loading (%wt)
	Au size (nm)
	Catalytic application
	Reference





	MCM-41
	APS
	HAuCl4
	3.1–3.2
	3.4 ± 0.5
	Hydrogenation of olefinic substrates
	[93]



	MCM-41
	MPS
	HAuCl4
	3.2–3.5
	3.2 ± 0.5
	
	[93]



	MCM-41
	OBSQ
	HAuCl4
	2.1
	2.1
	Epoxidation of olefins
	[39]



	SBA-15
	MPS
	HAuCl4
	1.05–16.1
	2.5
	-
	[42,94]



	SBA-15
	MPS
	AuCl(THT)
	1.05–16.1
	4.5
	-
	[42,94]



	SBA-15
	Mannitol derivative
	HAuCl4
	-
	3.0–6.0
	-
	[95]



	SBA-15
	MPS
	HAuCl4
	3.0
	2.0–6.5
	CO oxidation
	[61]



	SBA-15
	OBSQ
	HAuCl4
	1.0–5.5
	1.8
	Styrene epoxidation
	[92,96]



	SBA-15
	OBSQ
	HAuCl4
	1.0–5.5
	2.2 ± 0.5
	Benzyl alcohol oxidation
	[92,96]



	SBA-15
	OBSQ
	HAuCl4
	1.4–2.1
	2.0
	Epoxidation of olefins
	[39]



	PMOs
	Bis-silylated with disulfide unit
	AuCl(THT)
	5.0–20.0 a
	2.0
	-
	[97]



	MSS
	MPS and PrTMS
	HAuCl4
	1.0
	1.0–15.0
	-
	[98]



	MSS
	MPS
	HAuCl4
	14.0
	4.8
	-
	[99]



	MSU
	OBSQ
	HAuCl4
	2.0
	4.7
	Epoxidation of olefins
	[39]



	KIT-5
	APS
	HAuCl4
	∼10.0
	2.0–5.0
	-
	[100]





aAu/S molar ratio × 100.




Ghosh et al. [93] synthesized Au/MCM-41 hybrid materials by direct functionalization of the silica material with APS and MPS in a one-pot process. The surfactant of the functionalized MCM-41-NH2 and MCM-41-SH supports was removed by solvent extraction under reflux for 24 h, with a mixture of solvents containing 85 g of methanol and 2 g of HCl (35.5%). Subsequently, gold (3.0–3.5%) was loaded by mixing the aforementioned supports with HAuCl4 aqueous solution for 96 h. After filtration, washing and vacuum drying at room temperature, the resulting catalysts retained the ordered mesoporous structure characteristic of the pristine MCM-41, but a decrease of approximately 20% and 22% in the surface areas of Au/MCM-41-NH2 and Au/MCM-41-SH, respectively, was observed. Although the pore volumes of the catalysts also decreased as a consequence of the guest species incorporation, the average pore diameters of samples did not change considerably after gold loading. The mean diameters of the AuNPs were approximately 3.4 ± 0.5 and 3.2 ± 0.5 nm for Au/MCM-41-NH2 and Au/MCM-41-SH, respectively. The synthesized catalysts were active and completely selective for the hydrogenation of different olefinic substrates (cyclohexene, 1-hexene and 1-octene), and fairly comparable catalytic activity was found for both Au/MCM-41-NH2 and Au/MCM-41-SH samples.

Guari et al. [42,94] described a methodology to synthesize Au/SBA-15, preparing first the support by co-condensation of MPS with TEOS in the presence of Pluronic 123. After surfactant removal by Soxhlet extraction, the functionalized support was vacuum dried at 120 °C. The gold loading was performed by using two gold precursors: HAuCl4 and AuCl(THT). When HAuCl4 was employed, the functionalized support was suspended in water and heated under reflux in the presence of the gold precursor. Once the yellowish solution color was transferred onto the solid, sodium citrate was added. When [AuCl(THT)] was utilized, the functionalized support was suspended in tetrahydrofurane, and sodium acetylacetonate hydrate was added after the gold precursor addition. According to these authors, upon chemical reduction with NaBH4 ethanolic solution at 60 °C, metallic AuNPs (2.5 and 4.5 nm, respectively) were formed within the channels of the silica matrix. However, the typical ordered SBA-15 pore channels cannot be identified from the published TEM images, and unfortunately the catalytic activity of the synthesized materials was not evaluated.

Rombi et al. [61] functionalized SBA-15 with MPS by co-condensation using a TEOS:MPS molar ratio of 10, and after surfactant removal by Soxhlet extraction with a mixture of ethanol and HCl, gold (3%wt) was loaded using HAuCl4 as precursor. Once the solution became colorless, indicating the deposition of gold on the SBA-15 surface, sodium citrate was poured into the mixture to reduce the Au3+ to Au+ species. Then, the solid was recovered by filtration and dried at 120 °C for 12 h. Subsequently, NaBH4 1%wt ethanol solution was mixed with the solid during 18 h at 60 °C in order to obtain metallic gold. Finally, the suspension was filtered and the solid was dried at 120 °C overnight. Calcination of the catalysts in air at 300 and 560 °C led to the formation of small Au spherical nanocrystals homogeneously dispersed inside the SBA-15 channels with average sizes of about 2–3 and ca. 5 nm, respectively. Subsequent reduction under H2/He 600 °C led to an increase in the size of AuNPs up to ca. 6.5 nm. However, despite their large particle size, remarkable catalytic activity for CO oxidation was observed for the catalysts that were first calcined at 560 °C and then reduced under H2/He 600 °C, whereas the as-made catalysts were no active for CO oxidation at low temperatures. Moreover, gold was found mainly in metallic Au0 state, although because of the strong interaction between the mercapto functional groups and gold, positive Auδ+ species were also present.

Besson et al. [97] described a soft method allowing the incorporation of monodisperse AuNPs with average sizes of about 2–3 nm within the framework of 2D-hexagonal mesoporous silicas without any thermal treatment. In this approach, the framework of the silica material was functionalized by co-condensation of a hydrophilic bis-silylated precursor containing disulfide (prepared by reaction between 3-isocyanatopropyltriethoxysilane and 2,2'-diaminediethyldisulfide in THF) and TEOS in the presence of pluronic acid (P123) as template. After reduction of disulfide groups into thiol groups with a solution of triphenylphosphine, AuNPs were anchored in the support by impregnation and subsequent reduction of the organometallic gold precursor AuCl(THT) with ethanolic NaBH4. The XRD analysis revealed that the ordered structure of the host materials was preserved after the gold loading. Moreover, the observed broad diffraction peaks at 38.24, 43.81, 64.41 and 78.05° in the XRD high-angle region (2θ = 20 – 90°) confirmed the presence of metallic Au0 nanoparticles. In addition, the size of AuNPs was found to depend slightly on the percentage of organic groups in the framework. The AuNPs were very small (<2 nm) in materials containing low quantities of SH groups, while for the more concentrated material in SH groups the AuNPs size was no more monodisperse. Although this method seems to be interesting for the incorporation of AuNPs into MSM, the catalytic activity of the synthesized materials was not evaluated. Moreover, the authors pointed out that AuNPs were stable as long as the organic groups remained intact (up to about 200 °C). Beyond this temperature, there was a significant loss of organic moieties which involved the sintering of AuNPs. However, the presence of both the organic moieties and large AuNPs could have a negative effect on the catalytic activity of these composite materials.

Kumagi and Yano [98] prepared functionalized core/shell monodispersed mesoporous silica spheres, by the co-condensation of the silica source (TMOS) with MPS and propyl trimethoxysilane in the presence of CTACl in alkaline media. After the surfactant removal by acid extraction performed in an ethanol mixture of concentrated hydrochloric acid, the samples were filtered off, washed with ethanol, and dried in air. This resulting material was impregnated with a solution of HAuCl4 in hydrochloric acid to obtain gold-loaded core/shell mesoporous silica spheres containing propyl group in the shell. AuNPs with particle size distributions ranging from 1 to ca. 15 nm were formed, but no catalytic activity was reported. A similar method of synthesis, without the addition of propyl trimethoxysilane had been previously reported by Nakamura et al. [99] for the preparation of gold-containing nanoporous silica spheres, with AuNPs sizes in the range of 4.8 nm. However, the catalytic performance of this material was not reported either.

Hérault et al. [95] recently obtained SBA-15 mesoporous organosilicas containing mannitol derivative in the framework, by co-hydrolysis and poly-condensation of a bis-silylated mannitol precursor (3,4-Di-O-[3-(triethoxysilylpropyl)carbamate]-1,2:5,6-di-O-isopropylidene-D-mannitol, prepared by coupling of 1,2:5,6-di-O-isopropylidene-D-mannitol with 3-(triethoxysilylpropyl)isocyanate) with TEOS in the presence of triblock co-polymer P123 as structure-directing agent in acidic media. After stirring for 24 h at 30 °C, the mixture was heated at 110 °C for 24 h. Then, the temperature was diminished to room temperature and the reaction mixture was left without stirring for 3 days. The resulting solids were filtered and washed with ethanol, followed by Soxhlet extractions with ethanol (15 h) and then with acetone (15 h), prior to drying under vacuum. From the three different TEOS: bis-silylated mannitol precursor ratios studied (R9, R19 and R39), it was found that: (i) the highest polycondensation degree (80%) was obtained in the case of R39; (ii) only the R39 sample exhibit the three low-angle XRD diffraction peaks, characteristic of well ordered SBA-15 type materials; (iii) the BET surface areas, the total pore volumes and the pore size distributions ranged from 530 to 630 m2/g, 0.60 to 1.40 cm3/g and 4.4 to 9.0 nm, respectively. On the other hand, during the hydrolysis and poly-condensation processes, some OH functional groups were released, which were used for the stabilization of AuNPs using HAuCl4 or AuCl(THT) as gold precursors, involving or not the use of reducing (NaBH4) and destabilizing (trisodium citrate and sodium acetylacetonate monohydrate) agents. From the characterization analysis it was pointed out that: (i) AuNPs were not formed when using the organogold precursor AuCl(THT); (ii) the absence of destabilizing agent and reducing agent led to the formation of large AuNPs (15–20 nm) overlapping several channels of mesostructured material; (iii) the presence of reducing agent (NaBH4) allowed the formation of small AuNPs (average size of 6 nm); (iv) the best results, in terms of dispersion, size (3 nm) and location of AuNPs within the walls of the 2D-hexagonal structure of the MSM, were obtained when using trisodium citrate and NaBH4 as destabilizing and reducing agents, respectively. Unfortunately the catalytic activity of the catalysts synthesized under this approach was not evaluated.

Yu et al. [39] functionalized different periodic mesoporous organosilicas (MCM-41, MSU and SBA-15) with an organic bridged silsesquioxane precursor containing disulfide-ionic liquid moieties in one-pot synthesis procedure. Subsequently AuNPs were loaded using aqueous HAuCl4 solution at pH values of 7.0–8.0. The resulting Au/MCM-41, Au/MSU and Au/SBA-15 catalysts showed well dispersed AuNPs, as presented in Figure 5(a–c), with mean particle sizes of 2.1, 4.7 and 2.0 nm, respectively, indicating that porous supports with higher pore connectivity, such as MSU with 3-D worm-like pore structure, should be more vulnerable to the aggregation of AuNPs. The catalytic activity, evaluated for the epoxidation of various olefins (α-pinene, cyclohexene, 4-chlorostyrene, α-methylstyrene, 1-hexene and 1-octene) using H2O2 as oxidant, was inversely related to the Au particle size, following the order Au/SBA-15 > Au/MCM-41 > Au/MSU. Moreover, after eight consecutive runs, all catalysts showed quite good reusability with no significant losses in both α-pinene conversion and α-pinene oxide selectivity.

Figure 5. TEM images of gold catalysts supported on different MSM prepared by using the self-assembly functionalization of MSM before gold loading. (a) Au/MCM-41 modified with OBSQ (Reproduced by permission of Elsevier from Reference [39]); (b) Au/MSU modified with OBSQ (Reproduced by permission of Elsevier from Reference [39]); (c) Au/SBA-15 modified with OBSQ (Reproduced by permission of Elsevier from Reference [39]); (d) Au/MCM-41 modified with APS (Reproduced by permission of Elsevier from Reference [93]); (e) Au/HMS modified with hydrophilic bis-silylated precursor containing disulfide (Reproduced by permission of RSC Publishing from Reference [97]); (f) Au/SBA-15 modified with MPS (Reproduced by permission of RSC Publishing from Reference [61]).
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Despite the fact that the self-assemble functionalization of MSM before gold loading has permitted the synthesis of Au/MSM materials having well dispersed AuNPs within the channels, as presented in Figure 5, the main disadvantages of this method lie in the care that must be taken to avoid the destruction of the functional groups during the surfactant removal and in the difficulty of maintaining the mesostructure of the functionalized silica materials, because the degree of their mesoscopic order decreases with increasing the concentration of functional groups [36,51]. Moreover, given that the functional group is quite hydrophilic, the functionalization could occur partially within the framework. Then, the organic functional groups have to be sufficiently lipophilic to enter in the core micelle and not too bulky to avoid bursting [101,102].



2.3. Direct Synthesis

This method of synthesis, also called co-condensation or one-pot synthesis, is a simple procedure to introduce AuNPs in MSM, but not necessarily placed within the pores. It consists in the copolymerization of the silica source with the gold precursor in the presence of a structure-directing agent, so that the formation of mesostructures and the gold anchoring occur simultaneously. Organosilane coupling agents (RSi(OR')3) are frequently added into the gel synthesis in order to functionalize the silica surface for enhancing the gold adsorption. This approach is often preferred, because as mentioned in Section 2.2, it allows regular distribution of the functional groups inside the channel pores, and therefore uniform distribution of gold, as well as a loading control within the limits of the content supported by the micelle [101]. Although this procedure presents similar shortcomings than the self-assembly functionalization of MSM before gold loading, the direct synthesis method has been largely employed for the preparation of gold catalysts supported on different MSM, as summarized in Table 3. Some relevant applications are discussed below.


Table 3. Characteristics and catalytic applications of the Au/MSM catalysts prepared by direct synthesis.



	
Support

	
Functional ligand

	
Au Precursor

	
Au loading (%wt)

	
Au size (nm)

	
Catalytic application

	
Reference






	
MCM-41

	
-

	
HAuCl4

	
0.13–1.21

	
-

	
Cyclohexane oxidation

	
[103,104]




	
MCM-41

	
-

	
HAuCl4

	
1.0

	
3.0–18.0

	
Acetonylacetone cyclization

	
[105]




	
MCM-41

	
-

	
HAuCl4

	
1.0

	
-

	
Methanol oxidation

	
[106]




	
MCM-41

	
-

	
HAuCl4

	
1.0

	
-

	
Methanol oxidation

	
[106]




	
C2NbO4




	
MCM-41

	
-

	
HAuCl4

	
1.0

	
-

	
Methanol oxidation

	
[107]




	
C2NbO4




	
MCM-41

	
-

	
HAuCl4

	
0.386–2.02

	
3.0–6.0

	
-

	
[108,109]




	
MCM-41

	
-

	
HAuCl4

	
1.0

	
-

	
Acetonylacetone cyclization and methanol oxidation

	
[110]




	
MCM-41

	
-

	
HAuCl4

	
1.3

	
20.0

	
CO oxidation

	
[111]




	
MCM-41

	
-

	
HAuCl4

	
1.0

	
-

	
Methanol oxidation

	
[112]




	
VOSO4




	
MCM-41

	
-

	
HAuCl4

	
1.0

	
-

	
Methanol oxidation

	
[112]




	
VOSO4




	
C4H4NNbO9




	
MCM-41

	
AAPTS

	
HAuCl4

	
0.7–7.0

	
2.0–5.0

	
-

	
[43]




	
MCM-41

	
TMPTA

	
HAuCl4

	
-

	
-

	
-

	
[113]




	
MCM-41

	
TMPTA

	
HAuCl4

	
2.2

	
2.0–3.0

	
CO oxidation

	
[114]




	
MCM-48

	
TMPDA

	
HAuCl4

	
-

	
5.0–20.0

	
-

	
[40]




	
MCM

	
-

	
HAuCl4

	
8.0

	
6.7

	
CO oxidation

	
[31]




	
MCM

	
-

	
HAuCl4

	
8.0

	
20.0–30.0

	
CO oxidation

	
[31,115]




	
AgNO3

	
0/1–1/0 b




	
SBA-15

	
-

	
HAuCl4

	
0.77

	
-

	
Cyclohexane oxidation

	
[103,104]




	
SBA-15

	
-

	
HAuCl4

	
1.0

	
3.0–8.0

	
Cyclohexane oxidation

	
[63]




	
SBA-15

	
TMPDA

	
HAuCl4

	
-

	
5.0–50.0

	
-

	
[40]




	
SBA-15

	
MPS

	
HAuCl4

	
1.0

	
2.0–4.0

	
Cyclohexane oxidation

	
[116]




	
SBA-15

	
VTES

	
HAuCl4

	
1.0

	
5.0

	
Cyclohexane oxidation

	
[62]




	
SBA-16

	
TMPDA

	
HAuCl4

	
-

	
10–100

	
-

	
[40]




	
ZSM-5

	
-

	
HAuCl4

	
0.51–1.30

	
-

	
Cyclohexane oxidation

	
[117]




	
ZSM-5

	
-

	
HAuCl4

	
0.17–1.16

	
2.0–5.0

	
-

	
[109]




	
MS

	
BTESPTS

	
HAuCl4

	
0.4–1.0

	
3.0–14.0

	
Lactose oxidation

	
[4]




	
MS

	
BTESPTS (0.625)

	
HAuCl4

	
0.75

	
4.0–15.0

	
Cyclohexane oxidation

	
[118]




	
MS

	
BTESPTS (1.25)

	
HAuCl4

	
0.94

	
3.0–8.0

	
Cyclohexane oxidation

	
[118]




	
MS

	
BTESPTS (2.5)

	
HAuCl4

	
1.07

	
3.0–8.0

	
Cyclohexane oxidation

	
[118]




	
MS

	
BTESPTS (5.0)

	
HAuCl4

	
1.10

	
4.0–12.0

	
Cyclohexane oxidation

	
[118]




	
MS

	
BTESPTS

	
HAuCl4

	
0.25–10.0

	
∼3.0

	
Oxidation of benzyl alcohol

	
[119]




	
MS

	
BTESPTS

	
HAuCl4

	
2.0–10.0

	
∼2.0

	
n-hexadecane oxidation

	
[64,120]




	
MS

	
BTESPTS

	
HAuCl4

	
0.5–10.0

	
-

	
Trichloroethylene oxidation

	
[121,122]




	
MS

	
MPS

	
HAuCl4

	

	
1.5–5.0

	
CO oxidation

	
[123]




	
MSTF

	
BTESPTS

	
Au(en)2Cl3

	
2.1–5.1

	
3.0–7.0

	
-

	
[124]




	
LSX

	
-

	
Au salt

	
0.646

	
∼3.0

	
-

	
[109]




	
HSN

	
APS

	
HAuCl4

	
1.7

	
2.8–4.5

	
4-nitrophenol reduction

	
[125]




	
WSS

	
TMPTA

	
HAuCl4

	
1.6

	
2.6 ± 0.8

	
CO oxidation

	
[114]




	
HMS

	
TMPTA

	
HAuCl4

	
0.5–1.0 a

	
1.7–5.0

	
-

	
[126]




	
PMOs

	
TMPTA

	
HAuCl4

	
0.5–1.1 a

	
1.5–2.5

	
-

	
[126]




	
MSU

	
TMPDA

	
HAuCl4

	
0.4 *

	
1.7–5.0

	
-

	
[126]






aAu/Si molar ratio × 100;bAu/Ag molar ratio.




Lu et al. [103,104] synthesized Au/MCM-41 and Au/SBA-15 catalysts by using a direct synthesis process in which the silica and gold precursors (TEOS and aqueous HAuCl4, respectively) were added to the dissolved surfactants (cetylpyridinium bromide for MCM-41, and P123 for SBA-15) in acidic media. After the hydrothermal treatments, the solids were filtered, washed with deionized water, dried and calcined in air at 550 °C for 4.5 h. The gold loading (0.13–1.21%wt) had only a modest effect on the surface area of the supports, and the synthesized catalysts maintained the typical structure of mesoporous materials. Gold was anchored both inside the channels and deposited on the external surface of the mesoporous structures, and it was mainly present in the metallic Au0 state. These catalysts were active for the oxidation of cyclohexane, but unfortunately the size of AuNPs was not reported.

Wu et al. [116] recently synthesized SBA-15-supported AuNPs (2–4 nm) by means of a one-pot synthesis method in the presence of different amounts of MPS as functionalizing agent. Subsequent to dissolution of the surfactant (P123) in acidic media, different mixtures of TEOS:MPS were slowly added prior the introduction of HAuCl4 solution (gold loading of 1%wt). After stirring (40 °C for 24 h) and hydrothermally treatment (100 °C for 24 h), the resulting solids were filtered, washed, dried under vacuum and calcined at 500 °C during 8 h, to remove the surfactant and the organic functional group, and to decompose the gold species into metallic Au0. From the analysis performed in this study, it can be highlighted that: (i) the functionalizing agent contributed to coordinate the gold precursor via thiol ligands, and to form covalent bonds with the silica matrix. During the synthesis, the silane moiety co-condensed with the silicon precursor to form the silica framework, and the alkanethiol end interacted with AuCl4− to form Au (I)—thiolate complexes, which firmly attached the gold species on the silica framework; (ii) The amount of MPS played a critical role in the loading and dispersion of AuNPs. The larger the amounts of MPS introduced, the higher the Au loading efficiency and dispersion. However, the AuNPs began to aggregate and unevenly distribute with the decrease of added MPS. Withal, when the concentration of MPS in the gel increased up to 20% (molar ratio TEOS:MPS is 32:8), the 2D hexagonal ordered structure decreased significantly, indicating that high concentrations of MPS hindered the TEOS condensation to form an ordered framework; (iii) Because of the formation of void defects on the pore walls after removal of functional groups by calcination, AuNPs were partially intercalated in the pore walls of the mesoporous SBA-15, and the catalysts showed values of surface area higher than the pure SBA-15; (iv) The catalysts were active for the selective oxidation of cyclohexane with molecular oxygen, and the increase of MPS led to an increase on the conversion of cyclohexane up to 21.5% with selectivities towards cyclohexanone and cyclohexanol of up to ∼95%. Moreover, the catalyst containing 10%MPS exhibited no obvious activity loss after six runs, demonstrating its good stability; (v) Au0 was designed as the active site for the cyclohexane oxidation.

In a previous study, Wu et al. [62] employed VTES as functionalizing agent to prepare Au/SBA-15 catalysts by a one-pot method, using a TEOS:VTES molar ratio of 20, and HAuCl4 solution as gold precursor. After stirring for 24 h at 40 °C and hydrothermal treatment at 100 °C for 24 h, the solid was filtered, washed and dried, prior to template removal by extraction with ethanol at 70 °C for 6 h and reduction under H2 at 250 °C for 2 h. The resulting catalyst (Au loading of 1%wt) retained the ordered mesostructure of SBA-15, and the AuNPs (∼5 nm), present as metallic Au0, were anchored and evenly dispersed in the functionalized SBA-15. The high activity and selectivity for the solvent-free selective oxidation of cyclohexane using this catalyst indicated that VTES may be a good functional group to prepare Au/MSM catalysts by direct synthesis. Moreover, the catalytic activity and selectivity of this catalyst was much better than the Au/SBA-15 catalyst prepared by post-grafting with the same functional group, whose average Au particle size was about 9 nm.

Glomm et al. [40] prepared Au/MCM-48, Au/SBA-15 and Au/SBA-16 materials by one-pot process using a gold-modified precursor (HAuCl4 functionalized with TMPDA), which was added to the synthesis solutions after precipitation of each MSM. The resulting gold-containing MSM were recovered after stirring for 24 h, and were subsequently filtered, washed and calcined in air at 550 °C for 5 h. Although the catalytic activity was not evaluated, the following conclusions were highlighted from the characterization analysis: (i) This in situ method resulted in high retention of gold species in all MSM, indicating the important role of the amine functionalizing agent; (ii) The surface areas of the mesoporous SBA-15 and SBA-16 materials were significantly reduced after incorporation of gold, whereas the Au loading did not significantly affect the surface area of the MCM-48; (iii) The three MSM retained their long-range order upon incorporation of gold; (iv) AuNPs ranging between 5 to 20, 5 to 50 and 10 to 100 nm, were present on the synthesized materials supported on MCM-48, SBA-15 and SBA-16, respectively; (v) Even though a significant fraction of the particles was incorporated within the pores, the majority of AuNPs were found to reside on the external surface of the silica materials.

The feasibility of other MSM for retaining AuNPs using amine functionalizing agents has been also evaluated. For example, Lee et al. [126] prepared gold-containing HMS, MSU and PMOs materials by a co-synthesis sol-gel method, using HAuCl4 as gold precursor, and TMPTA and TMPDA as bifunctional silane ligands for HMS and PMOs, and MSU materials, respectively. The structure-directing templates (DDA for HMS and PMOs, and Triton X-100 for MSU) were removed by ethanol extraction at room temperature for 6 h, and the Au(III) precursor was reduced to metallic AuNPs by heating in Ar/H2 atmosphere (4% H2), or by calcination. The resulting materials displayed AuNPs uniformly distributed inside the mesopores, with sizes smaller than 5 nm. Although the authors mentioned that this synthesis procedure may be used to prepare AuNPs supported on other mesoporous materials, except for those formed in acidic media due to the protonation of the amine functional groups, the catalytic activity of the synthesized materials was not reported.

Recently, we have used BTESPTS to synthesize active gold crystallites (3–14 nm) dispersed on mesoporous silica, which were mainly present in the metallic Au0 state, and displayed high catalytic activity (100% lactose conversion after 100 min reaction) and 100% selectivity towards lactobionic acid, when a catalyst containing 0.7% Au was used at a catalyst/lactose ratio of 0.2 under alkaline (pH 9.0) and mild reaction temperature (65 °C). In general, as indicated by Wu et al. [118], during the synthesis procedure the thioether groups incorporated into the silica walls by co-condensation in the presence of the surfactant (P123), form a complex with the tetrachloroauric anions (AuCl4−) leading to a good dispersion of gold on the MSM. Under the hydrothermal treatment, part of AuCl4−—thioether complexes decomposed to form Au clusters stabilized by thioether groups. The subsequent calcination of the resulting solids at high temperature (500 °C for 5 h) allows the removal of the template and functional groups, at the same time that gold species are reduced to AuNPs. This simple procedure has been also employed to immobilize gold within mesoporous silica thin films [124] and mesoporous silica [64,118–122]. The resulting composite materials have shown high activity and selectivity in the oxidation of benzyl alcohol [119], n-hexadecane [64,120] and cyclohexane [118], as well as in the plasma-assisted total oxidation of trichloroethylene [121,122]. However, the main drawback of this method lies to the fact that the structural ordering of the mesoporous material suffers from disturbance at high BTESPTS loading levels. Therefore catalysts show irregular shapes and pores. When using a BTESPTS molar concentration of about 7%, we found that gold catalysts with Au loading of 0.4, 0.5, 0.7, 0.8 and 1.0% presented a wormhole-like framework structure containing interconnected 3D-mesopores (Figure 6(g)), suitable for the minimization of diffusion limitation phenomena often encountered in adsorption and catalytic reactions [4]. Conversely, when the molar concentration of BTESPTS was decreased to 2%, ordered mesoporous silica was obtained, but the gold loading was significantly reduced, the size of AuNPs increased as illustrated in Figure 6(h), and the catalyst became inactive. These results were in agreement with the recent findings of Wu et al. [118] who reported that molar concentrations of BTESPTS higher than 2.5% led to a decrease in the regularity of the 2D hexagonal ordered structure of SBA-15, but lowering this concentration the AuNPs exhibited average sizes up to 24.4 nm.

Figure 6. TEM images of gold catalysts supported on different MSM prepared by direct synthesis. (a) Au/SBA-15 using MPS (Reproduced by permission of Elsevier from Reference [116]); (b) Au/SBA-15 using VTES (Reproduced by permission of Elsevier from Reference [62]); (c) Au/MCM-41 using AAPTS (Reproduced by permission of ACS Publications from Reference [43]); (d) Au/MS using BTESPTS (Reproduced by permission of ACS Publications from Reference [120]); (e) Au/HMS using TMPTA (Reproduced by permission of Elsevier from Reference [126]); (f) Au/PMOs using TMPTA (Reproduced by permission of Elsevier from Reference [126]); (g) Au/MS using BTESPTS 7% molar concentration (Reproduced by permission of Elsevier from Reference [4]); (h) Au/MS using BTESPTS 2% molar concentration (TEM picture from our Laboratory, Université Laval, Quebec, Canada).
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The direct synthesis has been also carried out to synthesize bimetallic gold catalysts. Sobczak et al. prepared Au/MCM-41 [105] and Au/Nb-MCM-41 [106,107] catalysts (Au loading 1%wt) by co-precipitation, adding the gold precursor (HAuCl4) into the gel containing the Si source (sodium silicate) and the template (CTACl) following the conventional method of synthesis of the MCM-41. The template was removed by calcination at 550 °C for 2 h under He, and in air under static conditions for 14 h. The resulting gold catalysts exhibited hexagonally ordered mesopores and Au crystallites in the range of 3–18 nm. Moreover, this approach allowed the formation of gold in two forms: metallic and surrounded (bonded) by chloride. These chloride ions served as a catalytically active basic species in the acetonylacetone (AcAc) cyclization/dehydration in the gas phase, and took part as promoters in the electron transfer to oxygen in the NO reduction with propene in presence of oxygen.

As discussed above, the direct synthesis provides a simple pathway to prepare stable Au/MSM catalysts using different functional moieties, which, as briefly mentioned by Ma et al. [36] can be employed to synthesize gold onto other mesoporous supports such as mesoporous TiO2, for example. Although the gold loading and Au particle size are correlated with the amount of organic functional ligand, special care must be taken in order to find the optimal conditions of the ratio silica precursor/OFL to obtain ordered structures and well distributed small AuNPs.



2.4. Synthesis of Au/MSM Using Cationic Gold Complex [Au(en)2]Cl3 (en = Ethylenediamine)

The synthesis procedures mentioned above normally imply the addition of organic functional ligands to incorporate the AuNPs within MSM, when tetrachloroauric acid is used as gold precursor. Although these approaches allowed the preparation of active Au/MSM catalysts, the grafting of OFL may generate some defects on the mesoporous structure, and the ligands removal at high temperatures may conduce to a decrease in the catalytic activity because of the increase of the gold particle size.

In the early 50's, Block and Bailar [127] found that tetrachloroauric acid reacts with ethylenediamine (en) to form the gold complex [Au(en)2]Cl3 after precipitation with ethanol. This complex may act as acid by losing a proton from the coordinated amine group, under basic conditions. Based on this principle, the synthesis of Au/MSM catalysts becomes easier by deposition-precipitation of this gold complex, given that in alkaline media the negative-charged surface of the MSM can readily adsorb the [Au(en)2]3+ cations, by deprotonation reaction of ethylenediamine ligands [128].

Dai and coworkers [44,129] synthesized gold catalysts supported on mesoporous SBA-15 by mixing the support with an aqueous solution of [Au(en)2]Cl3 in alkaline media (pH range between 6.0 and 10.0). After agitation of the slurry for 2 h, the yellowish solid was filtrated, vacuum dried and reduced under H2/Ar (4%) at 150 °C for 1 h. This procedure led to obtain small (∼4.9 nm) and uniform AuNPs confined within the SBA-15 mesopores. Moreover, when the pH increased up to ∼10, the gold loading increased (2.70 to 9.08%wt) and the gold particle size decreased (from 5.4 to 4.9 nm). However, only the catalysts synthesized at pH value higher than 8 exhibited high catalytic activity for low-temperature CO oxidation (below 0 °C), prior to their activation by calcination in air at 400 °C for 1 h. From these results, it can be concluded that the pH of synthesis plays an important role on the catalyst activity, and ethylenediamine moieties may form a strong bond with the surface of AuNPs, interfering with the catalytic activity. This work was a valuable reference for other groups for synthesizing gold catalysts supported on mesoporous silicas, as presented in Table 4. For example, Guan and Hensen [130] prepared gold supported on different MSM (SBA-15, SBA-16 MCM-41) using this approach. After adding the supports to an aqueous solution of [Au(en)2]Cl3, the pH was adjusted to a constant value of 12. The suspension was stirred for 2 h, followed by filtration, washing with deionized water, drying at 110 °C overnight and calcination at 400 °C for 4 h. The resulting catalysts, showing average Au particle sizes of 4.9 ± 1.3, 7.3 ± 1.6 and 6.7 ± 2.1 nm for SBA-15, SBA-16 and MCM-41 materials, respectively, were active for ethanol oxidation. Parreira et al. [131] synthesized gold catalysts supported on pure and metal-modified hexagonal mesoporous silica (HMS, HMS-M, where M = Ce, Ti, Fe), using [Au(en)2]Cl3 as gold precursor. The HMS and the metal-modified HMS, synthesized by direct synthesis via co-precipitation using appropriate metal salts, were mixed with an aqueous solution of [Au(en)2]Cl3 maintaining the pH value at ca. 10. The catalysts were calcined at 300 °C for 1.5 h, and subsequently reduced in hydrogen for 1.5 h. The resulting AuNPs with average Au particle sizes ranging between 4.1 and 5.9 nm were active for the aerobic oxidative esterification of benzyl alcohol, and displayed gold in metallic Au0 and Auδ+ and Au+ oxidation states. Recently, we have used [Au(en)2]Cl3 to synthesize gold clusters supported on mesoporous silica decorated by ceria (SBA-15-CeO2) [132]. The support and the gold precursor were mixed in alkaline media (pH 10), and after vacuum filtration, the solid was thoroughly washed with deionized water, vacuum dried overnight at 100 °C, and calcined at 500 °C for 5 h. The resulting catalysts showed a regular array of mesopores, as well as well dispersed and not aggregated spherical AuNPs of about 5 nm. However, in agreement with the low-angle XRD analysis, the hexagonal order of the mesoporous SBA-15-CeO2 support was somewhat affected after gold loading, as it can be depicted in Figure 7(d,e). The N2 physisorption and XRD analysis revealed that support possess ordered hexagonal mesoporous structure, high surface area and large pore volume, similar to SBA-15, whereas BET surface area and pore volume of catalysts were significantly decreased upon impregnation. Moreover, XPS analysis revealed the coexistence of metallic and oxidized species on the catalyst, with relative surface concentrations of Au0 (78.17%) > Au+ (13.08%) > Au3+ (8.76%), and the presence of both Ce3+ and Ce4+ oxidation states. The catalytic activity of the synthesized catalysts was evaluated on the partial oxidation of lactose for selective synthesis of lactobionic acid (LBA) for therapeutic, pharmaceutical and food grade applications. After 100 min of reaction, the 0.7% Au/SBA-15-CeO2 catalyst showed high catalytic activity (100% lactose conversion) and a 100% selectivity towards LBA, when it was used at a catalyst/lactose ratio of 0.2 under alkaline (pH 9.0) and mild reaction temperature (65 °C).

Figure 7. TEM micrographs of Au/MSM using Au(en)2Cl3 as gold precursor. (a) Au/SBA-15 (Reproduced by permission of ACS Publications from Reference [44]); (b) Au/SBA-15 (Reproduced by permission of Elsevier from Reference [130]); (c) Au/MCM-41 (Reproduced by permission of Elsevier from Reference [130]); (d) Mesoporous SBA-15-CeO2 (Ce/Si molar ratio = 0.1) (Reproduced by permission of NAM 22, NACS from Reference [132]); (e) 0.7% Au/SBA-15-CeO2 (Reproduced by permission of NAM 22, NACS from Reference [132]).
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Table 4. Characteristics and catalytic applications of the Au/MSM catalysts synthesized using cationic gold complex [Au(en)2]Cl3 (en = ethylenediamine).



	
Support

	
pH of synthesis

	
Au loading (%wt)

	
Au size (nm)

	
Catalytic application

	
Reference






	
SBA-15

	
6.0

	
2.70

	
5.4

	
CO oxidation

	
[44,129]




	
SBA-15

	
7.4

	
5.98

	
5.2

	
CO oxidation

	
[44,129]




	
SBA-15

	
8.5

	
6.90

	
4.9

	
CO oxidation

	
[44,129]




	
SBA-15

	
9.6

	
9.08

	
4.9

	
CO oxidation

	
[44,129]




	
SBA-15

	
∼10.0

	
2.20

	
2.0–8.0

	
CO oxidation

	
[44,129]




	
SBA-15

	
12.0

	
2.00

	
4.9 ± 1.3

	
Ethanol oxidation

	
[130]




	
SBA-16

	
12.0

	
2.00

	
7.3 ± 1.6

	
Ethanol oxidation

	
[130]




	
MCM-41

	
12.0

	
2.00

	
6.7 ± 2.1

	
Ethanol oxidation

	
[130]




	
HMS

	
∼10.0

	
2.19

	
5.4 ± 0.2

	
Aerobic oxidative esterification of benzyl alcohol

	
[131]




	
HMS-Ce

	
∼10.0

	
2.94

	
5.9 ± 0.5

	
[131]




	
HMS-Ti

	
∼10.0

	
2.96

	
4.8 ± 0.3

	
[131]




	
HMS-Fe

	
∼10.0

	
2.87

	
4.1 ± 0.4

	
[131]




	
SBA-15-CeO2

	
10.0

	
0.7

	
∼5.0

	
Lactose oxidation

	
[132]









The use of the cationic gold complex [Au(en)2]Cl3 as precursor for the synthesis of monometallic [129,133–139] and bimetallic [140–143] gold catalysts supported amorphous SiO2, as well as for the preparation of Au/SiO2-based catalysts [136], has demonstrated that amorphous silica can be also employed as a support to prepare active Au/SiO2 catalysts. Although this synthesis method has not been intensively investigated, it can be regarded as highly efficient for the preparation of gold catalysts supported on MSM. However, it should be noted that the [Au(en)2]Cl3 precursor must be kept protected from light to prevent its decomposition [129,133–139].



2.5. Chemical Vapor Deposition

Chemical vapor deposition of dimethyl gold acetylacetonate was first used by Okumura et al. [37,45,144,145] to deposit AuNPs on SiO2 and MCM-41, demonstrating that silica may be a suitable support for the preparation of active gold catalysts. To do this, the supports were first evacuated in vacuum at 200 °C for 4 h to remove the adsorbed water, and then treated with O2 at 200 °C for 30 min to remove organic residue from the surface by oxidation. Subsequently, the gold precursor was gradually evaporated at 33 °C on the supports. The resulting materials were calcined in air for 4 h at high temperature (200–500 °C) to decompose the gold precursor into metallic AuNPs on the support surface. The synthesized catalysts exhibited remarkably catalytic activities for the oxidation of CO and H2, and showed a large number of gold particles smaller than 10 nm (mean diameters of 6.6 and 4.2 nm for SiO2 and MCM-41, respectively), which were three times smaller than those of Au/SiO2 prepared by impregnation method. From the characterization analysis, it was concluded that the interaction between the gold precursor and the support surface occurred mainly between the oxygen atoms of Me2Au(acac) and the OH groups of the SiO2 surface; and that temperatures above 300 °C are needed to prepare highly active Au catalysts following this preparation method.

Schimpf et al. [146] synthesized Au/SiO2 (Au loading of 2.4%wt) by CVD of Me2Au(acac), following the method proposed by Okumura et al. [147]. Highly dispersed AuNPs with mean value of 1.4 nm were obtained. Moreover, the synthesized catalysts were active for the low-temperature oxidation of CO. Araki et al. [148] prepared Au/FSM-16 by CVD of AuMe2(HFA). The gold precursor was adsorbed on the support under reduced pressure at room temperature for 4 h. The resulting white powder turned to pale purple after UV irradiation under reduced pressure for 4 h, indicating the formation of metallic gold. The obtained Au nano-wires (2.5 × 17.1 nm) in the mesopores of FSM-16 were active in the oxidation of CO.

Notwithstanding the CVD allowed the synthesis of highly active Au/SiO2 and Au/MSM catalysts, the main drawbacks of this preparation method relate to the high cost of the organometallic gold precursor and to the requirements of special equipments for the catalysts synthesis, Moreover, the amount of metal that can be incorporated following this approach is limited by the pore volume of the support [47,54].



2.6. Synthesis by Dispersion of Gold Colloids or Presynthesized AuNPs

Gold colloids and nanoparticles have been prepared by different procedures and used as precursors to prepare gold supported on TiO2, ZnO, ZrO2, Al2O3, carbon and SiO2 materials [32,149–157]. The synthesis of gold supported on MSM using gold colloids or presynthesized AuNPs can be achieved by using two different strategies: (i) dispersing the presynthesized gold precursors on the MSM support and (ii) synthesizing the MSM in the presence of presynthesized gold colloids or AuNPs. Even though suitable, this Au/MSM catalyst synthesis procedure has not been extensively applied in catalytic applications. The main advantage of this method lies to the easy control of AuNPs size throughout the gold sol synthesis, and therefore it offers the possibility to tailor the size of gold particles before their deposition on the support. This could be also attractive to control the AuNP aggregation, because the particle size is normally preserved during the immobilization step [150,158]. Some relevant applications are presented below.

Ma et al. [159] recently reported the synthesis of gold catalysts supported on extra-large mesoporous silica material (EP-FDU-12), which were active and highly selective in the gas-phase oxidation of benzyl alcohol to benzaldehyde. The EP-FDU-12 support was prepared using Pluronic F127 as template agent and TEOS as silica precursor, in the presence of 1,3,5-trimethylbenzene and KCl. After stirring at 15 °C during 24 h, the mixture was hydrothermally treated for 24 h at temperatures ranging between 100 and 220 °C. The solids were filtered and dried at room temperature, prior to the template removal by microwave digestion using 30% H2O2 and 15 M HNO3. The Au catalysts (Au loading of 0.5%wt) were obtained by adding the EP-FDU-12 support to a chloroform solution of AuNPs, prepared from AuPPh3Cl as described by Zheng et al. [160]. Subsequent to stirring, the solid product was centrifuged, dried in air and calcined at 350 °C for 5 h. From this method of synthesis, it is interesting to pull out these two observations: (i) though the Au particle size was almost the same (11.3 ± 2.7 nm vs. 10.3 ± 2.7 nm) after reaction, carbon deposition was at least 10-fold less on catalysts with pore size of 36 nm than on those with pore size of 23 nm, suggesting that large pores facilitate the diffusion of organic products and therefore diminishing the coke formation; (ii) The pore size can be tuned by modifying the KCl:F127 concentration and the hydrothermal temperature, allowing different applications to these materials.

Tai et al. [161] prepared dodecanethiol-capped AuNPs following the method proposed by Brust et al. [162], which were adsorbed on a mesoporous silica wet-gel (size of mesopores of maximum 15 nm), synthesized by hydrolysis and subsequent condensation of TMOS in methanol using ammonia as catalyst. The gel was immersed in the AuNPs solution using different solvents (toluene, THF and toluene:THF 1:1). After sufficient contact (more than one day), supercritical CO2 was used for drying the wet-gel gold containing silica. In the resulting material, the Au particle size distribution was almost identical to that of the original dodecanethiol-capped AuNPs (average 2.4 nm vs. average 2.6 nm, respectively). Moreover, AuNPs were homogeneously distributed in the gel formed in THF, whereas when using toluene the AuNPs were present only in the peripheral part of the gel, indicating that the spatial distribution of the AuNPs inside the gels can be controlled by changing the polarity of the solvents. Nevertheless, the catalytic activity of this composite aerogel was not evaluated. A similar method for synthesizing mesoporous colloidal gold aerogels, using AuNPs (sized at either 5 to 28 nm) prepared by citrate reduction of HAuCl4 has been reported by Anderson et al. [163], but the catalytic behavior was not evaluated.

Glomm et al. [40] used citrate-coated AuNPs of 5 and 10 nm for the synthesis of Au/MCM-48, Au/SBA-15 and Au/SBA-16. To do this, the as-synthesized silica supports were first suspended in water, followed by pH adjustment to 9.0 using 2 M NaOH. Then, the AuNPs were added, and after 24 h stirring at room temperature, the gold-containing materials were filtrated, washed, dried and calcined at 550 °C in air during 5 h. Although the three mesoporous structures retained their long-range order upon incorporation of AuNPs, their surface area was significantly reduced after Au loading. Moreover, most of the AuNPs were found on the external surface of the silica materials, regardless a significant fraction of the particles was incorporated within the pores. Unfortunately, no data of catalytic activity of these materials were reported.

The second strategy to prepare Au/MSM using gold colloids or presynthesized AuNPs involves mainly two steps: the synthesis of AuNPs in the presence of a block copolymer, and the synthesis of the MSM using the gold-nanoparticle copolymer unit as template [46]. Notwithstanding the catalytic activity was not evaluated, from the interesting works of the Somorjai group [46,47,164], who have used this approach to encapsulate AuNPs of different sizes (2, 5, 10 and 20 nm) into the channels of SBA-15, MCM-41 and MCM 48 using P123, hexadecylamine and cetylbenzyldimethylammonium chloride as templates, respectively, it can be highlighted that: (i) the presence of small Au nanocrystals (2–10 nm) influences only slightly the well-ordered structure but changes the lattice spacing of the MSM; (ii) although the mesopore channels of the MSM expand when small AuNPs are included, the narrow pore size distribution is preserved; (iii) when high amounts of AuNPs or large AuNPs (20 nm) are used, the structure of the materials remains porous, but their crystallinity decreases and a worm like structure appears, instead the hexagonal arrangement; (iv) after calcination, the small AuNPs are incorporated within the channels of the mesoporous host matrixes, but nanoparticles whose diameter is larger than the MSM pore size (20 nm fro SBA-15 and 10 nm for MCM-41 and MCM-48), cannot be inserted and they remains exclusively outside of the channels; (v) when using bimodal AuNPs (2 and 5 nm, or 2 and 10 nm), the resultant pore size of the SBA-15 material is controlled by the larger size of nanoparticles; (vi) the AuNPs incorporated inside the pores are accessible to reactant molecules, as confirmed by XANES used in combination with the adsorption of thiols.

Lin et al. [165] prepared AuNPs by mixing HAuCl4 aqueous solution with CTABr, followed by chemical reduction with aqueous NaBH4. The silica precursors (sodium silicate and sodium aluminates) were added into the Au-surfactant solution, and after neutralization (pH value of the gel solution ∼8–10), the gel solution was hydrothermally treated at 100 °C for 2 days. The solids were then filtrated, washed, dried and calcined at 560 °C. The resulting catalysts with Au loadings of 4 to 12%wt, showing less ordered pore structure than pure MCM-41, and the AuNPs sized between 5 and 15 nm displayed relatively low reactivity (less than 16% conversion) in CO oxidation, probably due to the large size of Au nanoparticles.

Employing the conventional conditions for the synthesis of MCM-41, Aprile et al. [166] prepared Au/meso-SiO2 catalysts using colloidal AuNPs (2–5 nm) stabilized with a quaternary ammonium ion ligand having at one end a long alkyl chain (N-[3-(triethoxysilyl)propyl] O-2(dicetylmethylammonium)ethyl urethane) and TEOS as gold and silica precursors, respectively, in the presence of CTABr as structure directing agent. The resulting catalysts, calcined at 500 °C for 5 h, were active for the oxidation of primary and secondary alcohols (3,4-dimethoxybenzyl alcohol and 1-phenylethanol) at atmospheric pressure. Moreover, these catalysts showed higher activity than those prepared by IWI of the tetraoctylammonium stabilized colloidal AuNPs in a pre-formed SBA-15. However, in aqueous media, the Au/meso-SiO2 catalysts where complete deactivated by collapse of the mesoporous structure.

The encapsulation of metal nanoparticles (Au and Ag) during the growth of an organic-inorganic hybrid gel was recently reported by Wichner et al. [167], using phenylethylthiol-coated metal nanoparticles dissolved in THF, which were added to a sol-gel mixture of phenyltriethoxysilane, water and THF in acidic media (pH 1.2). The suspension was stirred for 1 h, and then TMOS was added. After 3 h, the pH was increased with NH3(aq) to 6.0–7.0 to accelerate the condensation. Once the gelation was complete, the organic components were removed by calcination at 600 °C in air for 6 h. When the synthesis pH value was raised to 7.0 mesopores were formed with mesopore diameter of about 3.5 nm, whereas at lower pH values the gel matrices were microporous. The resulting catalysts with average diameter of metal particles of 6 nm were catalytically active in CO oxidation, although relatively high activation temperatures of at least 330 °C were needed.

Ferrara et al. [168] synthesized mesoporous silica films doped with gold, by the dispersion of stable AuNPs (8–9 nm) functionalized by dodecanethiol chains in an acid-catalyzed sol-gel silica solution. Even though the size, shape and crystalline domains of the AuNPs remain unchanged during the synthesis process, the catalytic activity was not evaluated. Chen et al. [169] prepared mesoporous gold-silica nanocomposites (Au loading from 6.9 to 11.4%wt) using a simple one-step method involving the sol-gel reaction of the silica precursor (TEOS) with a gold sol (Liquid Bright Gold 5154, containing 5%wt metallo-organic gold compound in cyclohexanone) in the presence of DBTA as a nonsurfactant template. After removal of DBTA by calcination at 550 °C during 16 h, the mesoporous worm-hole-like structure of the gold-silica nanocomposites, with AuNPs ranging between 2 and 8 nm dispersed throughout the silica porous matrix, showed high surface area (up to 630 m2/g), large pore volume (∼0.5 cm3/g) and pore diameters of 3–5 nm with relatively narrow pore size distributions. However, the catalytic activity of this material was not reported.

Bönnemann et al. [170] prepared monometallic Au and bimetallic Au-Pd catalyst by embedding pre-synthesized tetraalkylammonium bromide-stabilized Au and Pd-Au alloy particles in a solid silica matrix, following a modified sol-gel process. The colloidal Au and Pd-Au particles were prepared by the co-reduction of Pd and Au salts (palladium acetate and gold chloride) with tetraoctylammonium triethylhydroborate in dry THF under argon at ambient temperature during 16 h. After solvent removal by evaporation under vacuum, the surfactant was removed by dipping the colloidal powder in diethyl ether followed by precipitation with an ethanol/methanol mixture. The embedding of the resulting Au and Pd-Au colloids was carried out in THF using TEOS as silica precursor. The sol was stirred at 70 °C under reflux until the gelification was complete (2 days). The resulting gel was dried at 110 °C, calcined in air at 450 °C, and subsequent reduced in H2 at 450 °C. The resulting materials showed mesoporous structure with a sharp pore diameter distribution and channels randomly distributed and no tubes. Particle sizes ranging between 3.0 and 4.9 nm for both Au and Pd-Au catalysts were observed. The monometallic Au catalyst displayed very low activity in the selective semi-hydrogenation of 3-hexyn-1-ol, whereas the bimetallic Au-Pd catalyst exhibited high activity and was remarkably resistant to deactivation. Some years later, Parvulescu et al. [171] evaluated the catalytic activity of the before mentioned catalysts in the selective hydrogenation of 3-hexyn-1-ol, cinnamaldehyde, and styrene. Their results showed that alloying Pd with Au in bimetallic colloids led to enhanced activity and improved selectivity. Moreover, the bimetallic Au-Pd catalysts were very stable against poisoning, as was evidenced for the hydrogenation of styrene in the presence of thiophene.

Liu et al. [172] prepared Au-Ag alloy particles (<10 nm) supported on mesoporous MCM-41 which were synthesized by one-pot approach using CTABr both as a stabilizing agent for AuNPs and as a template for assembling the MCM-41 structure. After template removal by calcination at 560 °C and subsequent reduction at 600 °C with 10% H2/N2 the alloy nanoparticles were uniformly dispersed on the silica support, but their size was enlarged (>30 nm). Moreover, the increase of Ag concentration led to a bigger size of the alloy particles, suggesting that the presence of Ag provokes the aggregation more severely, because of the Ag lower melting point. Besides, mesoporous silica particles were very disordered. However, the bimetallic Au-Ag/MCM-41 catalysts (Au/Ag molar ratios of 3/1, 5/1 and 10/1) were active for CO oxidation at 25 °C, while pure Ag/MCM-41 did not exhibit any catalytic activity, and Au/MCM-41 catalyst only had a low CO conversion. These results indicate that the size of bimetallic Au-Ag nanoparticles is not a critical factor in the CO conversion.



2.7. Deposition-Precipitation

As mentioned in Section 1, the deposition-precipitation method requires the pH adjustment of the gold precursor solution to high values in order to generate [Au(OH)nCl4−n]− species with little chloride as possible. However, under alkaline conditions the surface of the MSM becomes negatively charged and the interaction between the gold and the silica surface is very weak, hindering the gold adsorption and facilitating the mobility and sintering of AuNPs [22,37]. For this reason, it has been reported that DP is not a suitable method for the incorporation of gold on silica materials, and other strategies have been attempted, as it was described in the preceding sections. However, some gold catalysts supported on MSM have been synthesized using this approach, as summarized in Table 5. For example, Hereijgers and Weckhuysen [173] prepared Au/SBA-15 by DP from a dilute solution of HAuCl4 in HCl at pH of 9.5 using ammonia solution. After calcination, AuNPs with average value of 4.0 nm were obtained, but the structure of the SBA-15 support was slightly damaged because of the high pH effect. This catalyst did not show good catalytic performance in the selective oxidation of cyclohexane to cyclohexanone. Ma et al. [59] synthesized monometallic Au/SBA-15 and bimetallic Au-Pd/SBA-15 by DP using chloroauric acid solution and 1 M NaOH solution for adjusting the solution pH to 7.0. After adding the SBA-15 support, the slurry was aged at room temperature for 12 h, followed by washing, drying at 70 °C for 5 h and calcination at 200 °C for 2 h. The surface area and the pore size of the resulting catalysts were reduced two folds, in comparison with the SBA-15 support, but the pore volume and the adsorption isotherms of both catalysts were almost identical to those of SBA-15. Moreover, the Au/SBA-15 catalyst showed well-developed parallel pore channels with well dispersed AuNPs (in the range of 10–50 nm) on the intra-surface of SBA-15, as illustrated in Figure 8(c), while the Au-Pd nanoparticles dispersed better compared to Au/SBA-15 catalyst but did not enter into the channels of SBA-15 as depicted in Figure 8(d). Albeit both catalysts were active for the oxidation of benzyl alcohol, the Au-Pd/SBA-15 was more active than the Au/SBA-15, but its selectivity towards benzaldehyde was slightly smaller (99 vs. 96%). However, in comparison with bimetallic Au-Pd/SBA-15 catalysts prepared by post-grafting modification of SBA-15 with MPS and APTS, the activity of the bimetallic catalysts synthesized by DP was smaller and decreased with time, indicating that the interaction between Au-Pd nanoparticles could be weaker when using the DP method. Zhou et al. [71] synthesized Au/SBA-15 by DP using HAuCl4 aqueous solution whose pH was adjusted to 7.0. After filtration, washing, freeze-drying and calcination in air at 200 °C for 4 h, the pink colored catalyst conserved the 2D hexagonal ordered structure of the SBA-15, but most of the AuNPs (average size ranging between 10 to 15 nm) formed spherical aggregates outside the channels of SBA-15, as it can be depicted in Figure 8(a). Li et al. [63] prepared Au/MCM-41 (Au loading 1%wt) by pouring the as-synthesized support into a HAuCl4 solution. After mixing the slurry for 24 h at 80 °C, the solids were filtered, washed repeatedly in cycles of water and ethanol, and dried at room temperature. Then, the template was removed by refluxing the solid in HCl/EtOH solution at 78 °C for 24 h. The resulting material was reduced in a flow of 5% H2/Ar at 200 °C for 4 h. This catalyst displayed poor dispersion of AuNPs (particle size approximately in the range of 60–100 nm), which were located on the external surface of the MCM-41 support. Moreover, the catalyst showed low activity for the cyclohexane oxidation. Under comparable reaction conditions, cyclohexane conversion was less than that obtained with the 1%Au/SBA-15 catalysts prepared by post-grafting of the SBA-15 support with APS (<1% vs. 15.5%). Liu et al. [174] synthesized Au/SBA-15 by DP, by the addition of the SBA-15 support to an aqueous solution of HAuCl4 whose pH was adjusted to 10 by adding ammonia solution. After stirring for 2 h at room temperature, the water was evaporated, and the sample was freeze dried for more than 24 h, and finally the solids were calcined at 200 °C for 2 h in vacuum. The resulting catalyst, with AuNPs of about 10 nm, was active for the oxidation of benzyl alcohol.

Figure 8. TEM micrographs of Au/MSM prepared by deposition-precipitation. (a) Au/SBA-15 (Reproduced by permission of Elsevier from Reference [71]); (b) Au/SBA-15 (Reproduced by permission of Elsevier from Reference [173]); (c) Au/SBA-15 (Reproduced by permission of Elsevier from Reference [59]); (d) Au/SBA-15 (Reproduced by permission of Elsevier from Reference [59]); (e) Au/HMM-2 (Reproduced by permission of RSC Publishing from Reference [176]).
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Table 5. Characteristics and catalytic applications of the Au/MSM catalysts synthesized by deposition-precipitation.



	
Support

	
pH of synthesis

	
Au Precursor

	
Au loading (%wt)

	
AuNP size (nm)

	
Catalytic application

	
Reference






	
SBA-15

	
9.5

	
HAuCl4

	
1.0

	
2.0–12.0

	
Cyclohexane oxidation

	
[173]




	
SBA-15

	
7.0

	
HAuCl4

	
4.0

	
10.0–50.0

	
Benzyl alcohol Oxidation

	
[59]




	
SBA-15

	
7.0

	
HAuCl4

	
4.0

	

	
-

	
[59]




	
Pd(NO3)2

	
0.5




	
SBA-15

	
7.0

	
HAuCl4

	
0.39

	
10.0–15.0

	
-

	
[71]




	
SBA-15

	
-

	
HAuCl4

	
2.0

	
4.0–9.0

	
Ethylacetate combustion

	
[175]




	
SBA-15

	
-

	
HAuCl4

	
2.0

	
-

	

	
[175]




	
Fe(NO3)3

	
12.0




	
SBA-15

	
10.0

	
HAuCl4

	
0.16–0.20

	
-

	
Benzyl alcohol Oxidation

	
[174]




	
MCM-41

	
-

	
HAuCl4

	
1.0

	
60.0–100.0

	
Cyclohexane oxidation

	
[63]




	
MCM-41

	
10.0

	
HAuCl4

	
5.0

	
9.0–13.0

	
CO oxidation

	
[111]




	
MCM-41

	
10.0 *

	
HAuCl4

	
3.7

	
11.0–15.0

	
CO oxidation

	
[111]




	
MCM-41

	
6.4

	
HAuCl4

	
1.312

	
2.0–3.0

	
-

	
[108]




	
HMM-2

	
11.7

	
HAuCl4

	
2.0

	
3.2 ± 0.5

	
-

	
[176]






*pH adjusted using ethylenediamine.




Mokhonoana et al. [111] incorporated AuNPs into MCM-41, using ethylenediamine which served as both a base and complexing agent for the Au(III) species, through a modified DP method. An aqueous solution of HAuCl4 was mixed separately with both the as-synthesized MCM-41 (still containing CTABr) and the calcined MCM-41 for 1 h, and then the pH was adjusted to 10 using 1 M ethylenediamine solution. The slurry was stirred at room temperature for 13 h, and the recovered solids were washed with warm water to remove the chloride ions, dried and calcined at 500 °C during 12 h (for the as-synthesized MCM-41) or 400 °C during 4 h (for the calcined MCM-41). The resulting catalysts (4 and 5% nominal Au loading, respectively), containing average AuNPs of 12 and 10 nm, respectively, retained the ordered structure and high surface area of the MCM-41 material. However, upon calcination at 500 °C, the AuNPs aggregated and migrated to the surface. Nevertheless, both catalysts were active in the CO oxidation at T > 250 °C.

Au/HMM-2 (Au 2%wt) was prepared by DP of HAuCl4 aqueous solution in alkaline conditions (pH 11.7) and the resulting solid sample was reduced under H2 at 200 °C for 2 h [176]. The obtained purple powder with homogeneously dispersed AuNPs (mean diameter of 3.2 ± 0.5 nm) retained the 3D-hexagonal structure of the HMM-2 after gold loading. However, the catalytic activity of this material was not evaluated.



2.8. Incipient Wetness Impregnation

Incipient wetness impregnation with HAuCl4 solution has been considered as an inappropriate method for the synthesis of gold catalysts because it yields larger AuNPs (>30 nm), and for the reason that the residual chloride present on the surface may poison the active sites of the catalysts [18,22,34,36]. To circumvent this problem, Delannoy et al. [177] proposed a modified IWI method for the synthesis of gold catalysts supported on different oxides, including silica, involving a washing step with ammonia 1 M or with ammonium chloride 0.25 M, followed by calcination at high temperature (300 °C). The ammonia washing removes the chloride ligands responsible for the aggregation of AuNPs, and leads to the formation of an amino-hydroxo-aquo cationic gold complex [Au(NH3)2(H2O)2−x(OH)x](3−x)+, which interacts with the support surface either electrostatically or through grafting, preventing the gold leaching. Moreover, during calcinations, small AuNPs are formed. Nevertheless, this method has been hardly exploited for the Au/MSM catalyst formulation. On the other hand, it is important to underline that after the washing step with ammonia, some fulminating gold can be formed, and since it violently decomposes around 210 °C, a drying pretreatment must be introduced before calcination [178].

Gold catalysts supported on MCM-41 (Au loading of 1%wt) were prepared by Grams and Sobczak [105,106] by IWI of the support with HAuCl4. After mixing, the solids were dried at 100 °C for 5 h followed by calcination in air at 550 °C for 3 h. The resulting catalysts exhibited hexagonally ordered mesopores, as well as surface area, pore diameter and pore volume almost identical to the pristine MCM-41 support. However, the metallic AuNPs showed lower dispersion in comparison to the same catalysts prepared by co-precipitation in the presence of CTACl, and displayed diverse dimensions and shapes, making the estimation of their size difficult to carry out. Moreover, it was found that the presence of chloride ions in the surrounding of gold centers was approximately one order of magnitude lower for the catalysts synthesized by IWI than for those prepared by co-precipitation. This was attributed to the interaction of the gold precursor with the CTACl, leading to the formation of Au-Cl species incorporated into the walls of the MCM-41 material. Although both catalysts showed similar activity in the acetonylacetone (AcAc) cyclization (35 vs. 38% conversion), the selectivity towards methylcyclopentenone was higher for the catalysts prepared by co-precipitation, which was attributed to the presence of the chloride ions.

Liu et al. [174] prepared Au/SBA-15 by impregnation of the support with an aqueous solution of HAuCl4. The slurry was stirred for 2 h at room temperature, and after evaporating water; the solids were dried for more than 24 h using a freeze drier, and then calcined under vacuum at 200 °C for 2 h. The resulting catalyst containing AuNPs of about 10 nm was active for the oxidation of benzyl alcohol, but its activity was slightly lower than that obtained with the Au/SBA-15 synthesized by deposition-precipitation, which displayed similar AuNPs size.

Araki et al. [148] impregnated FSM-16 with HAuCl4 in aqueous solutions at various pH values (5, 7 and 10). The FSM-16 was added to the HAuCl4 solution, and the mixture was stirred at room temperature for 24 h. After evaporation and washing with water, the Au3+/FSM-16 (Au loading of 2.5%wt) samples were reduced with H2 at 400 °C for 2 h or by photoreduction by irradiation with UV light for 24 h after exposition to water vapor (20 Torr) for 2 h and then to methanol vapor (100 Torr) for 2 h. After reduction in H2, the samples impregnated at pH 5 gave a mixture of Au nano-wires (mean diameter of 2.5 nm and a mean length of 18.1 nm) and nanoparticles (10 nm). However, only AuNPs (mean diameter of 19.2 nm) were obtained on the external surface of the FSM-16 support, when UV was used. Moreover, as the pH value increased, only small AuNPs were formed, for both reduction methods. For example, after reduction in H2, the samples impregnated at pH 10 gave homogeneously dispersed AuNPs in the mesopores with mean diameter of 1.7 nm, whereas the photoreduction of the samples prepared at pH 10 gave AuNPs with a mean diameter of 2.5 nm in the mesopores. Althoug these AuNPs showed high catalytic activity in the CO oxidation reaction, the rate constant of the Au/FSM-16 synthesized at pH 10 was 40–80 times higher than those of other Au/FSM-16 catalysts, because of the high dispersion of small AuNPs.

The IWI method was used recently by Wu et al. [62] to prepare gold catalysts supported on SBA-15 and organically functionalized SBA-15 with VTES. The supports were dispersed in HAuCl4 solution after stirring for 2 h at room temperature; the slurries were sonicated for 20 min. The resulting products were then evaporated, dried at 60 °C for 48 h, and reduced under H2 at 250 °C for 2 h. From the characterization analysis it was found that: (i) the structure of the catalyst prepared with the functionalized SBA-15 collapsed during the impregnation process, while the catalyst synthesized using the unmodified SBA-15 as support exhibited the small-angle XRD profile typical of the well ordered mesostructures; (ii) the XPS analysis revealed that both catalysts presented AuNPs as metallic gold (Au0); (iii) the average diameters of the AuNPs were 8 and 9 nm for the catalysts synthesized using the unmodified and the functionalized SBA-15, respectively. These AuNPs were larger than those present on the catalysts prepared by one-pot synthesis process (∼5 nm), indicating that during the direct synthesis, the VTES led to the evenly dispersion of the AuNPs in the mesoporous silica support; (iv) both catalysts displayed almost the same activity and selectivity in the oxidation of cyclohexane, with a conversion of about 8% after 2 h of reaction. However, this activity was practically doubled when the catalyst prepared by one-pot synthesis process was used, due to the presence of smaller AuNPs.

Metallic AuNPs uniformly dispersed inside the pores of monolithic porous silica with average diameter of about 4 nm were obtained by Shi et al. [179] and Cai et al. [180] after more than two weeks of soaking the mesoporous support into HAuCl4 solution (0.03–0.05 M) at room temperature, followed by reduction in H2 at 700 °C for 1 h. However, the catalytic activity of this material was not evaluated.

Tsung et al. [181] incorporated AuNPs with diameters in the range of 5–25 nm within the mesoporous silica nanofibers, by impregnation overnight with HAuCl4 and subsequent reduction with H2 at temperatures ranging between 55 and 100 °C. In this procedure, dichloromethane was added before the reduction step, to induce the gold precursor adsorbed on the outer surfaces of the nanofibers to move into the pore channels. However, no catalytic activity was reported.

Lotz and Fröba [182] incorporated AuNPs into the mesopores of SBA-15 using the cluster compound Au55(PPh3)12Cl6 (diameter of 2.1 nm) as gold precursor. The cluster was dissolved in dichloromethane. After addition of the SBA-15 support, the slurry was stirred for 30 min at room temperature, the solvent was evaporated and the solids were dried under vacuum, followed by annealing in air at 150–250 °C. The resulting material retained the structure of the SBA-15, and the Au55 clusters decomposed to metallic gold within the pores by annealing. However, the catalytic activity was not given.

AuNPs (2.5 ± 0.3 nm) closely packed in the mesopores of MCM-41-type mesoporous silica films were prepared by impregnation with HAuCl4 by Fukuoka et al. [176,183]. The silica materials were immersed in aqueous solution of HAuCl4. The mixtures were irradiated with ultrasonic wave for 30 s under reduced pressure, and the samples were left in the solution for additional 24 h. After washing with deionized water and drying under vacuum for 24 h, the resulting solids were reduced by H2 at 400 °C for 2 h or by UV-visible irradiation. With both reduction methods, the samples retained the structure of the original supports. However, the catalytic activity of these materials was not investigated.

The IWI method has been also employed for the synthesis of bimetallic Au catalysts. For example, Venezia et al. [184] prepared bimetallic AuPd/HMS catalyst by co-impregnating the HMS support with aqueous solutions of the two metal chlorides, PdCl2 and AuCl3, followed by a drying step at 120 °C and calcination at 400 °C for 2 h. The resulting catalysts, containing PdO nanoparticles (7 nm) and large AuNPs (18 nm), were active for methane oxidation. Li et al. [185] dispersed bimetallic Au-Pd nanoparticles within monolithic mesoporous silica by immersion of the silica host into HAuCl4 solution at room temperature. After soaking for two weeks, the samples were annealed in N2-H2 mixed gas at 500 °C for 2 h to reduce gold ions and form AuNPs within the pores of the silica host. The Au/silica samples were then immersed into a PdCl2 solution at room temperature for two weeks, and subsequently they were taken out and washed with deionized water, before annealing in the N2-H2 mixed gas starting at 500 °C for 1 h. With this method, an assembly of AucorePdshell nanoparticles into monolithic mesoporous silica was obtained, with an Aucore of about 4 nm. However, the catalytic activity of this material was not reported.

Tsoncheva et al. [175] used HAuCl4 and AuCl(PPh3), and Fe2O3 as gold and iron precursors, respectively, to synthesize Au/SBA-15 and AuFe/SBA-15 materials. After impregnation of the support with the gold and iron precursors, the solids were calcined in air at 200–400 °C for 2 h, and the resulting solids contained 2% Au and 12% Fe. From the analysis performed in this work, it was pointed out that: (i) The monometallic Au materials showed similar surface area than the pristine SBA-15, but the surface area of the bimetallic materials was reduced about 50% after the metals loading. A similar tendency was observed for the total pore volume of the synthesized materials; (ii) The low angle XRD patterns of the SBA-15-based materials were typical for SBA-15 structure and no substantial changes were observed after the modification with Au and Fe; (iii) The temperature of calcination had a significant effect on the AuNPs size. A broad size distribution of the AuNPs (small, about 6–9 nm and larger ones, 20–50 nm) was observed after calcination 200 °C, whereas predominantly larger particles (50–70 nm) were found after calcination at higher temperatures (300–400 °C). On the other hand, no reflections of Fe2O3 crystalline phase were observed by XRD analysis, indicating the formation of highly dispersed iron oxide phase; (iv) The monometallic and bimetallic catalysts were active for the ethylacetate combustion. However, the catalytic activity of monometallic catalysts was higher when AuCl(PPh3) was used as gold precursor, whereas the catalytic activity of bimetallic catalysts was higher when HAuCl4 was used as gold precursor. Unfortunately, neither the role of the different gold precursors nor the comparison of the catalytic activity of monometallic and bimetallic catalysts was discussed.



2.9. SiO2-Based Gold Catalysts

Another strategy to incorporate AuNPs into mesoporous silica is to modify the SiO2 materials with inorganic additives and synthesize SiO2-based gold catalysts. This approach allows the increase of the isoelectric point of the support, which facilitates the deposition of the Au(OH)xCl4−x− species under alkaline conditions required for DP method. At the same time, the sintering is minimized by the separation of AuNPs from one another. Moreover, when adding inorganic additives, such as metal “active” oxides for example, they can also work as co-catalysts taking part in the reaction [186]. Furthermore, the “active” oxides may be responsible of the electronic interactions and structural defects, factors that could represent the key issues in the formation and stabilization of small AuNPs, which may enhance the catalysts activity [187]. Therefore, silica-based materials have been largely employed as supports for AuNPs, as summarized in Table 6. In Figure 9 the distribution of AuNPs on different mesoporous SiO2-based supports is depicted, while some synthesis procedures and catalytic applications are briefly discussed below.

Figure 9. TEM micrographs of mesoporous SiO2-based gold catalysts. (a) Au/Ti-MCM-41 (Reproduced by permission of Elsevier from Reference [189]); (b) Au/Al2O3-SiO2 (Reproduced by permission of Elsevier from Reference [217]); (c) Au/Ti-HMS (Reproduced by permission of Elsevier from Reference [211]); (d) Au/Co-SBA-15 (Reproduced by permission of Elsevier from Reference [204]); (e) Au/Ti-SBA-15 (Reproduced by permission of Elsevier from Reference [128]); (f) Au/Ti-MCM-48 (Reproduced by permission of Elsevier from Reference [49]); (g) Au/Fe-MCM-41 (Reproduced by permission of Elsevier from Reference [195]); (h) Au/Al-MCM-41 (Reproduced by permission of Elsevier from Reference [195]); (i) Au/Co-MCM-41 (Reproduced by permission of Elsevier from Reference [195]); (j) Au/Ce-HMS (Reproduced by permission of Elsevier from Reference [210]); (k) Au/Fe-HMS (Reproduced by permission of Elsevier from Reference [210]); (l) Au/Co-UVM-7 (Reproduced by permission of RSC Publishing from Reference [212]).
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Table 6. Characteristics and catalytic applications of the mesoporous SiO2-based gold catalysts.



	
Support

	
pH of synthesis

	
Au Precursor

	
Au loading (%wt)

	
AuNP size (nm)

	
Catalytic application

	
Reference






	
Ti-MCM-41

	
7.0

	
HAuCl4a

	
-

	
2.8 ± 1.0

	
CO oxidation

	
[55]




	
Co-MCM-41 i

	
7.0

	
HAuCl4a

	
-

	
3.9 ± 0.8

	
CO oxidation

	
[55]




	
Al-MCM-41 i

	
7.0

	
HAuCl4a

	
-

	
1.7 ± 0.2

	
CO oxidation

	
[55]




	
Nb-MCM-41

	
-

	
HAuCl4b

	
1.0

	
-

	
Methanol oxidation and acetonylacetone cyclization

	
[107]




	
Ti-MCM-41

	
7.0

	
HAuCl4a

	
4.0–12.0

	
2.0

	
Propylene oxidation

	
[188]




	
Ti-MCM-41

	
7.0

	
HAuCl4a

	
1.0

	
2.2 ± 0.5

	
Propylene oxidation

	
[189]




	
Ti-MCM-41

	
7.0

	
HAuCl4a

	
0.015–0.021

	
-

	
Propylene oxidation

	
[190]




	
Ti-MCM-41

	
7.0

	
HAuCl4a

	
0.19–0.37

	
2.8–3.8

	
Propylene oxidation

	
[191]




	
Ti-MCM-41

	
7.0

	
HAuCl4a

	
0.42

	
2.1

	
Propylene oxidation

	
[192]




	
Ti-MCM-41

	
6.5

	
HAuCl4a

	
0.36

	
3.0 ± 1.0

	
Propylene oxidation

	
[193]




	
Ti-MCM-41

	
7.0

	
HAuCl4a

	
0.3 ± 1.0

	
2.0–5.0

	
Propylene oxidation

	
[194]




	
Fe-MCM-41 i

	
7.0

	
HAuCl4a

	
5.0

	
<2.0

	
CO oxidation

	
[195]




	
Co-MCM-41 i

	
7.0

	
HAuCl4a

	
5.0

	
>2.0

	
CO oxidation

	
[195]




	
Al-MCM-41 i

	
7.0

	
HAuCl a

	
5.0

	
<2.0

	
CO oxidation

	
[195]




	
Ti-MCM-48

	
7.0

	
(CH3)2Au(O2C5H7) c

	
0.37–0.57

	
3.3–5.2

	
Propylene oxidation

	
[190]




	
Ti-MCM-48

	
7.0

	
HAuCl4a

	
0.01–0.32

	
2.0–2.6

	
Propylene oxidation

	
[192]




	
Ti-MCM-48

	
6.5

	
HAuCl4a

	
0.32

	
3.0 ± 1.0

	
Propylene oxidation

	
[193]




	
Ti-MCM-48

	
7.0

	
HAuCl4a

	
0.3 ± 1.0

	
2.0–5.0

	
Propylene oxidation

	
[194]




	
Ti-MCM-48

	
7.0

	
HAuCl4a

	
∼3.0

	
∼3.0

	
CO oxidation

	
[49]




	
Ti-MCM-48

	
7.0

	
HAuCl4a

	
3.0–7.5

	
<1.0

	
CO oxidation

	
[196,197]




	
Ti-SBA-15

	
-

	
HAuCl4a

	
0.62

	
5.1 ± 2.9

	
CO oxidation

	
[128]




	
Ti-SBA-15

	
1.5

	
Au colloids d

	
2.47

	
2.7

	
CO oxidation

	
[128]




	
Ti-SBA-15

	
-

	
AuNPs e

	
1.47

	
5.7 ± 2.1

	
CO oxidation

	
[128]




	
Ti-SBA-15

	
9.5–10.0

	
AuCl3a

	
1.0

	
1.0–8.0

	
CO oxidation

	
[198]




	
Ti-SBA-15

	
∼10.0

	
HAuCl4a

	
-

	
0.8–1.0

	
CO oxidation

	
[199]




	
Ti-SBA-15

	
∼10.0

	
HAuCl4a

	
-

	
0.8–1.0

	
CO oxidation

	
[200]




	
Al-SBA-15 g

	
-

	
HAuCl4

	
16.22–19.83

	
2.6–3.0

	
CO oxidation

	
[201]




	
Al-SBA-15 g

	
-

	
HAuCl4

	
17.97

	
3.0 ± 0.8

	
CO oxidation

	
[202]




	
Al-SBA-15 h

	
-

	
HAuCl4

	
17.61

	
3.0 ± 1.0

	
CO oxidation

	
[202]




	
Al-SBA-15 i

	
-

	
HAuCl4

	
17.73

	
3.2 ± 0.7

	
CO oxidation

	
[202]




	
Al-SBA-15 j

	
-

	
HAuCl4

	
17.07

	
2.6 ± 0.4

	
CO oxidation

	
[202]




	
Ti-SBA-15

	
∼10.0

	
HAuCl4a

	
-

	
0.8–1.0

	
CO oxidation

	
[203]




	
Co-SBA-15

	
7.0

	
HAuCl a

	
1.0–4.0

	
∼5.0

	
CO oxidation

	
[204]




	
Ti-SBA-15 k

	
9.5

	
HAuCl4a

	
1.0

	
2.0–9.0

	
Propene epoxidation

	
[205]




	
Ti-SBA-15 l

	
9.5

	
HAuCl4a

	
1.0

	
3.0–12.0

	
Propene epoxidation

	
[205]




	
Ti-SBA-15

	
10.0

	
HAuCl4a

	
5.0–10.0

	
1.9–2.9

	
-

	
[206]




	
Ti(10)-SBA-15

	
11.0

	
HAuCl4a

	
3.6

	
4.0 ± 1.5

	
CO oxidation

	
[207]




	
Ti(20)-SBA-15

	
11.0

	
HAuCl4a

	
1.7

	
4.3 ± 1.5

	
CO oxidation

	
[207]




	
Ti(40)-SBA-15

	
11.0

	
HAuCl4a

	
3.0

	
7.2 ± 3.2

	
CO oxidation

	
[207]




	
Ti-SBA-15

	
9.0

	
HAuCl4a

	
1.0

	
2.0–15.0

	
Propene oxidation

	
[208]




	
SBA-15-CeO2

	
-

	
Au colloids d

	
1.76

	
2.7

	
CO oxidation

	
[128]




	
SBA-15-CeO2

	
10.0

	
[Au(en)2]Cl3

	
0.7

	
∼5.0

	
Lactose oxidation

	
[132]




	
Ce-HMS

	
∼10.0

	
[Au(en)2]Cl3

	
2.94

	
5.9 ± 0.5

	
Aerobic oxidative

	
[131]




	
Ti-HMS

	
∼10.0

	
[Au(en)2]Cl3

	
2.96

	
4.8 ± 0.3

	
esterification of benzyl

	
[131]




	
Fe-HMS

	
∼10.0

	
[Au(en)2]Cl3

	
2.87

	
4.1 ± 0.4

	
alcohol

	
[131]




	
Ti-HMS

	
-

	
HAuCl4f

	
3.9

	
<20

	
Direct synthesis of H2O2 and in situ-H2O2-ODS

	
[209]




	
Ti-HMS

	
-

	
HAuCl4a

	
4.6

	
-

	
[209]




	
Fe-HMS

	
9.0

	
HAuCl4a

	
2.84

	
4.6

	
CO oxidation

	
[210]




	
Ce-HMS

	
9.0

	
HAuCl4a

	
3.44

	
7.4

	
CO oxidation

	
[210]




	
Ti-HMS

	
9.0

	
HAuCl4a

	
3.02

	
5.2

	
CO oxidation

	
[210]




	
Ti-HMS

	
-

	
HAuCl4f

	
2.3–2.4

	
4.5–12.6

	
Direct synthesis of H2O2 and in situ-H2O2-ODS

	
[211]




	
Co-UVM-7

	
9.0

	
HAuCl4a

	
1.07–1.21

	
3.0–4.0

	
CO and propane

	
[212]




	
Fe-AerosolSi i

	
7.0

	
HAuCl4a

	
5.0

	
>2.0

	
CO oxidation

	
[195]




	
Co-AerosolSi i

	
7.0

	
HAuCl4a

	
5.0

	
<2.0

	
CO oxidation

	
[195]




	
Al-AerosolSi i

	
7.0

	
HAuCl4a

	
5.0

	
<2.0

	
CO oxidation

	
[195]




	
Co-AerosolSi i

	
7.0

	
HAuCl4a

	
-

	
<2.0

	
CO oxidation

	
[55]




	
Al-AerosolSi i

	
7.0

	
HAuCl4a

	
-

	
<2.0

	
CO oxidation

	
[55]




	
Ti-Silica Aerogel

	
-

	
Thiol-capped AuNPs

	
0.14–20.0

	
1.0–4.0

	
CO oxidation

	
[213]




	
Ti-Silica Aerogel

	
-

	
Thiol-capped AuNPs

	
3.4–6.6

	
1.4–6.4

	
CO oxidation

	
[214]




	
TiO2-SiO2

	
5.0–5.5

	
HAuCl4a

	
0.2–3.2

	
2.1–3.2

	
CO oxidation

	
[215]




	
TiO2-SiO2

	
7.0

	
HAuCl4a

	
5.0–10.0

	
1.8–1.9

	
-

	
[206]




	
TiO2-SiO2

	
7.0

	
HAuCl4a

	
-

	
1.8–6.4

	
CO oxidation

	
[216]




	
SiO2-Al2O3

	
-

	
HAuCl4b

	
2.05

	
∼4.5

	
Oxidation and hydrogenation of CO

	
[217]




	
SiO2-Al2O3

	
-

	
HAuCl4b-AgNO3

	
0.88–1.32

	
∼4.5

	
[217]




	
SiO2-Al2O3

	
9.0

	
HAuCl4a

	
2.5

	
-

	
[217]






aDeposition-Precipitation;bIWI;cLiquid grafting method;dIn presence of polyvinylalcohol (PVA) as stabilizer;eIn presence of poly(diallyldimethylammonium) chloride (PDDA);fOne-pot synthesis;gThin film functionalized with APS;hThin film functionalized with MPS;iFunctionalized with APS;jFunctionalized with MPS;kTi incorporated by direct synthesis (Si/Ti molar ratio: 20);lTi incorporated by post-grafting (Si/Ti molar ratio: 20).




In the late of 90s, the Haruta's group initiated the investigation of the catalytic activity of gold deposited on titanium-containing mesoporous MCM-41 and MCM-48 materials, for the partial oxidation of propylene to propylene oxide, in the presence of oxygen and hydrogen [188–194,218–223]. They prepared Ti-doped MCM-41 and MCM-48 by means of a sol-gel process using tetrabutylorthotitanate [Ti(OC4H9)4] as titanium source, and then gold (4–12%wt) was loaded on these supports by DP (T = 70 °C, pH = 6.5–7.0) or by liquid grafting methods using HAuCl4 or (CH3)2Au(O2C5H7) as gold precursors, respectively. After calcination at 300 °C for 4 h, AuNPs with diameters ranging between 2.0 and 5.0 nm, were homogeneously dispersed on the Ti-modified MCM supports. Although these catalysts showed low propylene conversion (∼5%), their selectivity towards propylene oxide was very high (>90%). Moreover, Au/Ti-MCM-48 catalysts showed better performance in comparison with the Au/Ti-MCM-41 catalyst, due to the three-dimensional pore system of the MCM-48 material. On the other hand, is was pointed out that under the same reaction conditions, catalysts with the same gold loading on pure MCM silica, and samples of Ti-MCM without gold loading were catalytically inactive, indicating the existence of synergetic effects between gold and titanium in these catalysts.

Ruszel et al. [198] synthesized Au/Ti-SBA-15 catalysts (1%wt Au) impregnating first the mesoporous SBA-15 with titanium isopropoxide in isopropanol, followed by filtration, drying, and calcination at 400 °C. The modified Ti-SBA-15 support was loaded with gold by DP at room temperature and pH values of 9.5–10, using an aqueous solution of AuCl3 as gold precursor. After filtration, washing and drying, the solids were calcined at 350 °C for 4 h. The catalytic activity of the resulting catalysts was evaluated in the CO oxidation of at low temperature, including “preferential” oxidation of CO in the presence of H2 (PROX). From the analysis carried out in this study, it was concluded that the increase of the Ti content, leads to the decrease of the amount of the smallest AuNPs (1–2 nm), and simultaneously contributes to the formation of large AuNPs (5–8 nm). Consequently, the Ti content had a major influence on the catalytic activity. The high activity was observed for the catalysts containing 0.13–1.32%wt of Ti, for which AuNPs of sizes between 1 and 4 nm were dominating. However, catalysts without Ti were inactive. Moreover, these authors reported that the performance of the best Au/Ti-SBA-15 catalyst in the PROX CO oxidation was better than that of the Au/TiO2 reference catalyst, distributed by World Gold Council.

A layer-by-layer approach was reported by Yan et al. [199,200], who modified the surface of mesoporous SBA-15 with TiO2 via hydrolytic surface sol-gel process, by mixing the SBA-15 with proper amounts of titanium (IV) butoxide in a mixture of anhydrous toluene and anhydrous methanol. After vacuum filtration, washing with anhydrous methanol and vacuum drying, the monolayer of titanium oxide was hydrolyzed with an excess of deionized water. A second TiO2 layer was coated following the same procedure, after washing thoroughly with anhydrous methanol and drying. Subsequently gold was loaded on the surface of the modified support using the DP method at pH 10 and 60 °C with HAuCl4 solution. After stirring for 2 h, the precipitates were separated by centrifugation, washed with deionized water and dried at 40 °C overnight. The resulting catalysts showed uniform ultra small AuNPs (0.8–1.0 nm) assembled inside the ordered mesopores. These AuNPs, present as oxidized (Au3+) and metallic (Au0) gold species, displayed high catalytic activity for low-temperature CO oxidation.

Titania has been also used to modify the surface of HMS before the loading of AuNPs through an in situ process, using DDA as template, TEOS, tetrabutylorthotitanate as silica and titanium sources, and HAuCl4 as gold source [209]. After template removal by ethanol extraction at room temperature, the dried powder was calcined at 400 °C. The resulting Au/Ti-HMS catalyst (Au loading of 3.9%wt), containing AuNPs of sizes <20 nm, showed high activity in the direct synthesis of H2O2 from H2 and O2 in methanol solvent. Additionally, high removal rates of bulky sulfur compounds were obtained using the in situ generated H2O2 over the synthesized Au/Ti-HMS catalyst.

Chiang et al. [201,202] incorporated AuNPs over an acidic Al-SBA-15 thin film supports, prepared by mixing pluronic P123 with sodium aluminate in water, followed by the addition of a surfactant mixture solution including CTABr and SDS. The pH and temperature of this mixture were adjusted in the range of 5–6, and 40–50 °C, respectively. The as-synthesized Al-SBA-15 materials were functionalized with APS by ethanol refluxing for 12–24 h at 80–90 °C. Subsequently, gold was loaded using HAuCl4 aqueous solution as gold precursor. After stirring, the solids were filtered and dried at room temperature. Finally, the oxidized Au3+ species were chemically reduced by means of NaBH4 aqueous solution. Before the catalytic tests in CO oxidation, the catalyst were activated by heating to 600 °C under 10% H2/N2 flow for 1 h, followed by cooling step to room temperature under N2. The resulting catalysts (Au loading of 16.22–19.83%wt), containing AuNPs of about 2.7 nm uniformly distributed within the channels of the support, exhibited high activity for CO oxidation at 80 °C, and this activity attained the highest value of ca. 97% CO conversion when using a Si/Al molar ratio of 39. Moreover, it was reported that most of the Al was present in the tetrahedral framework well-dispersed site, which contributed not only to generate acidity, but also to limit the Au particle size. In an attempt to elucidate the effects of different aluminosilicate supports, the same authors prepared Au supported on Al-SBA-15 thin films and on Al-SBA-15 normal form (Au loading of ∼17%wt), using APS and MPS as functionalizing agents [202]. After H2 reduction at 600 °C, the size of AuNPs was almost similar for all the supports (∼3.0 nm). However, they found that hydrogen reduction is necessary to activate the catalysts supported on Al-SBA-15 thin films, whereas for the normal Al-SBA-15 support the activation must include a previous calcination step at 560 °C for 6 h before reduction under H2, to obtain good catalytic performance of CO oxidation at 80 °C.

Mixed mesoporous silica samples (MCM-41 and aerosol-derived silica) with Co, Al and Fe as heteroelements (Si/heteroelement molar ratio of 30) were synthesized by Bore et al. [195]. These modified materials were subsequently functionalized with amine groups (APS) before gold loading (5%wt) with HAuCl4 at neutral pH. After reduction under H2 at 200 °C for 2 h, the resulting SiO2-based gold catalysts were active for CO oxidation. The size of the AuNPs of these catalysts was less than 2 nm for all samples, except for Au/Co-MCM-41 and Au/Fe-Aerosol silica. These authors concluded that the addition of heteroelements did not lead to a significant improvement in the thermal stability of catalysts, but contributed to increase the catalyst activity compared to the pure silica support. Among the evaluated catalysts, the Au/Co-doped aerosol silica and the Au/Co-MCM-41 showed the highest and lowest reactivity for CO oxidation, respectively.

Zepeda et al. [210] modified hexagonal mesoporous silica (HMS) with Fe3+, Ce4+ and Ti4+ ions prior to the incorporation of Au species by deposition-precipitation (nominal Au loading of 3.5%wt). The added heteroatoms were incorporated principally into the HMS framework, and contributed to the stabilization of AuNPs, which were located mainly in the internal pore network of the support. Gold particle sizes of 4.6, 5.2 and 7.4 nm were obtained for Au/HMS-Fe, Au/HMS-Ti and Au/HMS-Ce, respectively. The catalytic activity of the H2 reduced samples (300 °C, 2 h) for total and preferential CO oxidation followed the trend: Au/HMS-Fe > Au/HMS-Ce > Au/HMS-Ti.

Recently, Zepeda's group [217] proposed a “green-synthesis” process for the synthesis of monometallic Au (Au loading of 2.05%wt) and bimetallic Au-Ag (Au and Ag loadings of 0.88 and 1.32%wt, respectively) catalysts supported on commercial mesoporous SiO2-Al2O3. In their approach, Camellia sinensis plant extract was used as biological reducing agent. The catalysts were synthesized by IWI of the support with HAuCl4 and AgNO3. After addition of each one of metal precursor solutions, Camellia sinensis extract (2 mL) was added to the slurry, followed by vigorous stirring for 48 h at room temperature. Then, the samples were dried at 100 °C in air flow. For both catalysts, it was observed that after few minutes of the Camellia sinensis extract addition, the color of the solutions changed drastically, indicating the reduction of both Au3+ and Ag1+ ions. The resulting catalysts preserved the structural parameters of the SiO2-Al2O3 support. Moreover, from TEM images, it was observed that in both catalysts the metallic particle sizes varied between 1.5 and 6.5 nm, with a mean value of about 4.5 nm. However, the bimetallic catalyst presented higher amounts of AuNPs of size lower that 4.5 nm, in comparison with the monometallic catalyst, indicating that the presence of Ag contributes to the regular morphology and dispersion of metallic particles. On the other hand, metallic Au0 (81%) and oxidized Au+1 (19%) species were found in the monometallic catalysts, whereas only metallic Au0 species were present in the bimetallic catalyst, which also contained metallic Ag0 (93%) and oxidized Ag+1 (7%) species, demonstrating that the use of Camellia sinensis led to the formation of metallic nanoparticles. After catalytic activity evaluation in CO oxidation, it was found that bimetallic catalyst displayed higher activity than the monometallic sample. At a reaction temperature of 270 °C, 100% CO conversion was obtained with the bimetallic Au-Ag catalyst, whereas the CO conversion for the monometallic sample was 85%. Moreover, both catalysts were more active than the monometallic catalyst synthesized by DP and calcined at 473 °C for 3 h. Conversely, the activity of the monometallic Au catalyst in the CO hydrogenation was 1.6 times more active than the bimetallic catalyst, and 2 times more active than the monometallic catalyst synthesized by DP. In this interesting “green” approach study, the high activity of the bio-reduced catalysts was mainly attributed to the small metallic particles obtained, because of the absence of calcination or reduction steps at high temperature. Moreover, it was hypothesized that hydroxyl and carboxylic acid functional groups present the Camellia sinensis extract, could be responsible of the bio-reduction process and the stabilization and protection as capping agent of the AuNPs, respectively.



2.10. Other Methods of Synthesis

In the previous sections we presented the main methods for the synthesis of gold catalysts supported on MSM. However, because of the advances in nanotechnology, other less-conventional methods, using different technologies and gold precursors, have been published. Although these methods have not been largely employed, and the catalytic activity of the synthesized materials has not always been investigated, it is worth to mention some of them.

Chatterjee et al. [224] deposited gold into the channels of MCM-48 (Au loading of ca. 5%wt) through a process involving H2-assisted reduction of HAuCl4 (aqueous solution) in supercritical CO2. The resulting catalysts, containing AuNPs varying between 2 and 25 nm, were active for the selective hydrogenation of crotonaldehyde. Moreover, it was reported that the size of AuNPs can be controlled by tuning the CO2 pressure, without disturbing the mesoporous structure. Similarly, Gupta et al. [225] loaded pre-synthesized Au nanocrystals (mean diameter of 2.2 ± 0.3 nm) dispersed in toluene into mesoporous SBA-15 and MCM-41 (2%wt), using supercritical CO2 as antisolvent. It was estimated that approximately 10–100 Au nanocrystals per pore were infused inside the mesoporous silica. However, the catalytic activity of these materials was not evaluated.

Campelo et al. [226] synthesized Au/SBA-12 catalyst (Au loading of 1.2%wt) in a conventional microwave oven, using gold bromide dissolved in ethanol-acetone mixture (1:1v/v), as Au precursor. They obtained well and homogeneously dispersed AuNPs of ca. 1.9 nm, highly active for styrene oxidation.

Corma et al. [227] prepared Au/MCM-41 (loading of 0.20–30 mmol-Au/g support) using a gold-carbene complex [(carbene)AuCl] as Au precursor. The resulting catalysts were active for the hydrogenation of alkenes and the Suzuki cross-coupling reaction between halobenzene and arylboronic acids.

Small Au clusters (∼1 nm) have been deposited on mesoporous SBA-15, MCF and HMS using triphenylphosphine-protected Au11 (Au11:TPP) clusters as gold precursor [174,228]. To do this, the Au11:TPP clusters and the support were dispersed in CH2Cl2/C2H5OH (80/20) and stirred for 2 h. After filtration, the resulting solids were calcined at 200 °C for 2 h under vacuum. The resulting catalysts were active, highly selective and reusable for the oxidation of various alcohols with H2O2, such as benzyl alcohol, under microwave heating.

Silver-catalyzed electroless deposition was used to incorporate AuNPs with sizes of 5.0 to 9.0 [229] and ca. 6.4 nm [230] within the channels of mesoporous SBA-15, but the catalytic activity of the obtained materials was not reported.

Chen et al. [231–235] and Sun et al. [236] have reported a sonochemical method for the incorporation of AuNPs into mesoporous silica at room temperature. The AuNPs ranging from 2 to 9 nm were dispersed uniformly within the pores of the silica support by the immersion of the host material into a chloroauric acid solution (0.8 mmol/L) containing 0.2 mol/L of isopropanol during 2 to 3 weeks. The mixture was subsequently irradiated for various periods from 600 to 7200 s with 40 kHz ultrasonic waves at 100 W output power. The filtered solid was washed with distilled water and dried at 120 °C for 30 min. After ultrasonic irradiation, the AuNPs were formed within pores of the mesoporous silica. However, no catalytic activity was reported.

The bio-assisted synthesis of AuNPs supported on mesoporous silica tubes was recently reported by Jan et al. [237], who deposited synthetic polypeptides (PLL and PLT) on the walls of polycarbonate membrane pores to form multilayer films for in-situ mediating the formation of AuNPs embedded in porous silica nanostructures. After calcination at 400–500 °C for 3–10 h, the resulting materials having AuNPs of ∼6.5 nm, displayed promising catalytic activity for the reduction of p-nitrophenol.

Recently, Deng et al. [238] prepared multifunctional microspheres with a core of nonporous silica-protected magnetite particles, a transition layer of active gold nanoparticles, and an outer shell of ordered mesoporous silica with perpendicularly aligned pore channels. These catalytic materials showed excellent catalytic activity for the reduction of 4-nitrophenol as well as highly selective epoxidation of styrene using t-butyl hydroperoxide as oxidant. Moreover, the resulting catalysts containing nanocrystals of 12.2 and 8.3 nm for Au and magnetite nanoparticles, respectively, presented the surface evenly covered by AuNPs and displayed the three low-angle XRD diffraction peaks typical of 2-D hexagonal mesostructures.

Lee et al. [239] fabricated a nanoreactor framework of a Au/SiO2 yolk/shell structure through selective etching of metal cores from Au/SiO2 by treatment with KCN. Although gold core diameters showed high values (43–104 nm) depending on the added amount of KCN, these Au/SiO2 yolk/shell particles were active for the catalytic reduction of p-nitrophenol by NaBH4.




3. Conclusions and Outlook

The high catalytic activity of gold at the nanoscale discovered in the late 1980s has been one of the most exciting discoveries in the field of catalysis and, since then, gold catalysts have been synthesized on a variety of metal oxides supports. Particularly, silica was considered an inappropriate support for AuNPs, until the revolutionary work of Haruta's group [37,45,144,145] confirmed that silica materials could be suitable supports for AuNPs using appropriate synthesis methods. Since the chemical vapor deposition approach employed in those studies requires special equipment and expensive gold precursors, extensive research has been developed to synthesize gold catalysts supported on mesoporous silicas, such as MCM-41, MCM-48, SBA-15 and SBA-16, because of the excellent properties of these materials as catalytic supports. Mesoporous SBA-15 has proven to be a better support for gold catalyst in comparison with other mesoporous silica materials, including HMS, MCM-41, MCM-48, SBA-16, because it has a two-dimensional (2D) hexagonal pore structure, large pore size and strong pore wall, allowing the immobilization and stability of AuNPs inside the pores [56,62,70].

Although the catalytic activity of Au/MSM catalysts has been evaluated in numerous catalytic reactions, as illustrated in Tables 1–6, from the published results one can say that gold catalysts supported on mesoporous silicas would have a significant impact on the redox type reactions in liquid phase, in which the mesoporous architecture could enhance the diffusivity of bulky reactants and products, while the AuNPs are kept inside the pores. However, the main problem of the synthesis of Au/MSM catalysts lies in obtaining very small (about 2 nm) and well dispersed AuNPs. To overcome these problems, the main strategies and their related drawbacks can be summarized as follows:


Table 1. Characteristics and catalytic applications of the Au/MSM catalysts synthesized by postsynthetic modification of MSM before gold loading.



	
Support

	
Functional ligand

	
Au Precursor

	
Au loading (%wt)

	
Au size (nm)

	
Catalytic application

	
Reference






	
SBA-11

	
APS

	
HAuCl4

	
5.0

	
6.0 ± 1.9

	
CO oxidation

	
[55,56]




	
SBA-12

	
APS

	
HAuCl4

	
5.0

	
4.2 ± 0.8

	
CO oxidation

	
[55,56]




	
SBA-15

	
OBSQ

	
HAuCl4

	
1.4

	
1.6

	
Epoxidation of olefins

	
[39]




	
SBA-15

	
APS

	
HAuCl4

	
5.0

	
4.1 ± 0.8

	
CO oxidation

	
[55,56]




	
SBA-15

	
APS

	
HAuCl4

	
4.0

	
5.8

	
CO oxidation

	
[54]




	
SBA-15

	
APS

	
HAuCl4

	
3.86

	
2.8

	
Cyclohexane oxidation

	
[57]




	
SBA-15

	
MPTS

	
HAuCl4

	
4.53

	
6.5

	
Cyclohexane oxidation

	
[57]




	
SBA-15

	
TPTAC

	
HAuCl4

	
4.8

	
4.5

	
CO oxidation

	
[58]




	
SBA-15

	
MPS and APTS

	
HAuCl4

	
4.0

	
10.0

	
Benzyl alcohol oxidation

	
[59]




	
SBA-15

	
MPS and APTS

	
HAuCl4

	
4.0

	
5.0

	
[59]




	
Pd(NO3)2

	
0.5




	
SBA-15

	
APS

	
HAuCl4

	
5.0

	
1.0–4.0

	
Hydrogenation of crotonaldehyde

	
[60]




	
SBA-15

	
APS

	
HAuCl4

	
4.6–4.9

	
1.0–5.0

	
[60]




	
In(NO3)3

	
0.5–1.5




	
SBA-15

	
MPS

	
HAuCl4

	
2.0

	
3.4–6.6

	
CO oxidation

	
[61]




	
SBA-15

	
VTES

	
HAuCl4

	
1.0

	
9.0

	
Cyclohexane oxidation

	
[62]




	
SBA-15

	
APS

	
HAuCl4

	
0.5–1.5

	
3.0–8.0

	
Cyclohexane oxidation

	
[63]




	
SBA-15

	
MPTS

	
HAuCl4

	
4.53

	
5.0–8.0

	
n-Hexadecane oxidation

	
[64]




	
SBA-15

	
APTS

	
HAuCl4

	
1.0

	
4.0–13.0

	
Benzyl alcohol oxidation

	
[65]




	
SBA-15

	
PAMAM

	
HAuCl4

	
10.83–12.51

	
1.0–6.0

	
Oxidation of alcohols

	
[66]




	
SBA-15

	
APS

	
HAuCl4

	
18.0

	
3.0–5.0

	
Glucose oxidation

	
[67]




	
SBA-15

	
TPED

	
HAuCl4

	
2.6

	
2.0–3.0

	
Cyclohexene oxidation

	
[68]




	
SBA-15

	
Py

	
HAuCl4

	
2.7

	
2.0–3.0

	
Cyclohexene oxidation

	
[68]




	
SBA-15

	
MPS

	
HAuCl4

	
3.0

	
2.7–6.4

	
CO oxidation

	
[69]




	
SBA-15

	
APTS

	
HAuCl4

	
-

	
2.1–10.3

	
-

	
[70]




	
SBA-15

	
APTS

	
HAuCl4a

	
-

	
4.5–19.4

	
-

	
[70]




	
SBA-15

	
TPED

	
HAuCl4

	
-

	
5.8–11.7

	
-

	
[70]




	
SBA-15

	
TPED

	
HAuCl4a

	
-

	
4.5–23.3

	
-

	
[70]




	
SBA-15

	
TPTAC

	
HAuCl4

	
1.7

	
3.0

	
-

	
[71]




	
SBA-15

	
MPS

	
Au colloids

	
2.1

	
5.0–7.0

	
-

	
[72]




	
SBA-15

	
APS and Glycidol

	
HAuCl4

	
9.0

	
5.0–10.0

	
-

	
[73]




	
SBA-15

	
NH3

	
HAuCl4

	
-

	
-

	
-

	
[74]




	
SBA-15

	
TPTAC

	
HAuCl4

	
4.0–9.0

	
1.0–5.0

	
-

	
[75]




	
SBA-15

	
APTS

	
HAuCl4

	
6.0

	
3.0–5.0

	
-

	
[76]




	
SBA-15

	
TPTAC

	
HAuCl4

	
2.7–3.0

	
<7.0

	
-

	
[77]




	
SBA-15

	
G4-PAMAM

	
HAuCl4

	
0.5% mol

	
1.5

	
Microwave-assisted Suzuki-Miyaura coupling reaction

	
[78]




	
K2PdCl4




	
SBA-15

	
APTS

	
HAuCl4

	
6.0

	
2.9

	
CO oxidation

	
[79]




	
AgNO3




	
SBA-16

	
APTS

	
HAuCl4

	
1.0

	
2.0–9.0

	
Benzyl alcohol oxidation

	
[65]




	
SBA-16

	
APTS

	
HAuCl4

	
0.89

	
3.0–11.0

	
Benzyl alcohol oxidation

	
[80]




	
SBA-16

	
APTS

	
HAuCl4

	
0.24–1.15

	
2.0–12.0

	
Benzyl alcohol oxidation

	
[80]




	
PdCl2

	
0.24–0.55




	
SBA-16

	
APTS

	
HAuCl4

	
-

	
2.4–11.4

	
-

	
[70]




	
MCM-41

	
APS

	
HAuCl4

	
4.0

	
5.1

	
CO oxidation

	
[54]




	
MCM-41

	
APS

	
HAuCl4

	
-

	
3.5 ± 0.5

	
Styrene hydrogenation

	
[81]




	
MCM-41

	
APS

	
HAuCl4

	
5.0

	
3.9 ± 0.7

	
CO oxidation

	
[55,56]




	
MCM-41

	
APTS

	
HAuCl4

	
1.0

	
2.0–11.0

	
Benzyl alcohol oxidation

	
[65]




	
MCM-41

	
APS

	
HAuCl4

	
5.0

	
3.9 ± 0.9

	
CO oxidation

	
[82]




	
MCM-41

	
MPTS

	
Au colloids

	
-

	
52.4

	
-

	
[83]




	
MCM-41

	
APTS

	
HAuCl4

	
-

	
1.9–21.0

	
-

	
[70]




	
MCM-48

	
APS

	
HAuCl4

	
4.0

	
6.9

	
CO oxidation

	
[54]




	
MCM-48

	
APTS

	
HAuCl4

	
-

	
1.4–27.2

	
-

	
[70]




	
HMM-2

	
APS

	
HAuCl4

	
5.0

	
4.7 ± 0.7

	
CO oxidation

	
[55,56]




	
PMOs

	
APS

	
HAuCl4

	
-

	
50.0

	
Reduction of methylene blue

	
[84]




	
PMOs

	
C18TMS-APS

	
HAuCl4

	
-

	
3.0–5.0

	
CO oxidation

	
[84]




	
Aerosol derived SiO2

	
APS

	
HAuCl4

	
5.0

	
1.4 ± 0.2

	
[55]




	
Aerosol silica

	
APS

	
HAuCl4

	
5.0

	
1.4 ± 0.2

	
CO oxidation

	
[82]




	
Nanosilica

	
MPS

	
Au colloids

	
1.0–5.0

	
6.3

	
Cyclohexane oxidation

	
[85]




	
HMS

	
APS

	
HAuCl4

	
-

	
80.0

	
Glucose oxidation

	
[86]




	
HMS

	
MPS

	
HAuCl4

	
-

	
80.0

	
Glucose oxidation

	
[86]




	
FDU-12

	
APTS

	
Au nanocrystals

	
15.0

	
4.0

	
-

	
[87]




	
MCF

	
C10H23ClSi

	

	
15.0

	
4.0

	
-

	
[87]




	
MTFs

	
APS or TPED

	
HAuCl4

	
16.2

	
7.0

	
-

	
[88]




	
HMS

	
APTS

	
HAuCl4

	
-

	
2.1–22.4

	
-

	
[70]




	
HMS

	
APTS

	
HAuCl4a

	
-

	
2.3–18.3

	
-

	
[70]




	
HMS

	
TPED

	
HAuCl4

	
-

	
8.7–20.8

	
-

	
[70]




	
HMS

	
TPED

	
HAuCl4a

	
-

	
4.7–22.3

	
-

	
[70]






aDissolved in ethanol.




Because of the low isoelectric point of silica (∼2.0), the conventional IWI and DP methods are not appropriate for the incorporation of gold nanoparticles (AuNPs) into MSM, although some strategies such as washing with a base or reduction under hydrogen at high temperatures have been employed to synthesize active gold catalysts following these procedures. However, these approaches have not been largely employed, because the AuNPs are usually formed both inside and outside the channels, and the control of shape and particle size is not possible. Despite the fact that the use of pre-synthesized capped AuNPs contributes to circumvent this problem, and seems to be a promising approach in which the size and shape of gold particles can be controlled before the gold loading, this strategy has not been extensively applied in catalytic applications.

A general trend consists then in the modification of the silica materials either by direct or post-grafting functionalization with amine or thiol groups. These groups can act not only as ligands enhancing the interaction between the metal precursors and the silica surface, but also as mild reductants under basic conditions for in situ reduction of Au(III). Even if several active Au/MSM have been prepared using functionalized mesoporous silicas by direct or subsequent incorporation of the gold precursor, as summarized in Tables 1 to 3, the main problems related to these procedures lie in the followings facts: (i) The gold loading and particle size are correlated with the amount of organic functional ligands, but high concentrations of organic functional groups may hinder the condensation of silica precursors to form an ordered framework, when using direct functionalization, or significantly reduced surface area, pore diameter and pore volume, when using the post-grafting functionalization; (ii) The post-synthetic functionalization of MSM does not allow the homogeneous distribution of the organic functional groups on the pore surface, and consequently, the AuNPs are not homogeneously distributed after gold loading; (iii) The calcination step required for the removal of functional groups, may contribute to the formation of large AuNPs, with the inherent negative effect on the catalytic activity; (iv) When using the simple way of direct incorporation of the gold precursor during the mesoporous silica synthesis, the AuNPs are not necessarily placed within the pores, which can lead to metal leaching and poor life of catalysts.

The modification of silica supports with other metal oxides to produce SiO2-based gold catalysts, is also an interesting approach, because it allows modifying the isoelectric point of the silica, facilitating the incorporation and dispersion of the AuNPs by simple deposition-precipitation of gold precursor, as summarized in Table 6, while simultaneously the functionalizing oxides may take part in the reaction as co-catalysts for the enhancement of the catalytic activity.

Despite the fact that rapid advances in nanotechnology have allowed the emergence of new sophisticated methods for preparing Au/MSM catalysts, it is worth considering the feasibility of the synthesis procedures for applications other than at a laboratory scale. Some disadvantages of various preparation methods lie in the fact that the experimental procedures are not suitable for general applications because of the requirements of special equipment and/or expensive or complicated synthesis of the gold precursors. Moreover, in many cases, the catalytic activity of such catalysts has unfortunately not always been evaluated.

Thus, considering that the success of the introduction of AuNPs into MSM requires the fulfillment of three criteria [43]: (i) retaining the order structure of the MSM; (ii) achieving very small uniform and well dispersed AuNPs; and (iii) attaining high and controlled gold loading; the use of gold complex Au(en)2Cl3 (en = ethylenediamine) can be regarded as a promising precursor for the synthesis of not only Au/MSM, but also of gold supported on amorphous silicas. Although this precursor has not been widely used, the catalysts prepared using Au(en)2Cl3 have displayed not only small and well dispersed AuNPs, but also high catalytic activities in both gas and liquid phase oxidation reactions [44,132].

Finally, it is true to say that gold catalyst has become a hot topic for chemical reactions; however, there are still challenges ahead for the development of Au/MSM satisfying the main requirements of any catalyst: a synthesis method as easy and inexpensive as possible with high activity, selectivity and stability. Moreover, the identification of the active gold species is still a challenging task for most of the chemical reactions catalyzed by gold.
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