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Enhancing the activity of gold supported catalysts by oxide coating: towards efficient green oxidations

With anthropogenic climate change and depletion of fossil fuels being major concerns in our days, a change in the energy paradigm towards a "green" future has become imperative [1][2][3] . In this context, the use of lignocellulosic biomass as feedstock to produce biofuels, energy and renewable chemicals appears as a promising alternative for the reduction of greenhouse gases (GHGs) emissions and mitigation of climate change [4][5][6][7] .

Among the lignocellulosic biomass derivatives, furfural (FF) belongs to the 10 top platform molecules which can be further valorised into a variety of key chemicals 8,9 . In particular, oxidation of FF to produce furoic acid (FA) (Fig. 1) is of great interest due to the application of the latter as starting material in the agrochemical, pharmaceutical, flavour and fragrances industry 7,10 .

Figure 1. Synthesis of furoic acid (FA) from furfural (FF)

FA is industrially produced from FF via Cannizzaro reaction with a NaOH aqueous solution and strong oxidant agents, followed by an acidification step using H 2 SO 4 [START_REF] Zeitsch | The chemistry and technology of furfural and its many by-products[END_REF] . In the envisaged "green" context, the corrosive and toxic nature of the employed reagents makes this process unfeasible 7,[START_REF] Xu | [END_REF] . Thereby research efforts in the last decades have been aimed at accomplishing the oxidation process in a sustainable way, that is avoiding the use of a base and employing "green" oxidants such as H 2 O 2 , O 2 or air [13][14][15] .

Heterogeneous catalysts consisting of gold nanoparticles (AuNPs) dispersed on inorganic oxides have shown very promising results in the required reaction conditions 4, 16-18 , but some drawbacks regarding the catalyst stability still need to be solved.

When working in base-free conditions, an important issue is the deactivation of the catalysts by irreversible adsorption of the formed acid on the metal surface 19,20 . A solution typically proposed for the replacement of the homogeneous base has been using basic catalytic supports such as MgO, CaO or hydrotalcites, but stability of the catalyst is also compromised due to the leaching of the support in aqueous media 21,22 .

Given that the activity, selectivity and stability of these materials are governed by different parameters such as metal particle size, acid-base properties and metalsupport interaction 23,[START_REF] Dimitratos | Gold Catalysis: Preparation, Characterization, and Applications[END_REF] , a careful control of the catalyst structure constitutes a key aspect to obtain stable catalysts while boosting the catalytic performance.

Taking this into account, we hypothesised that encapsulating Au nanoparticles within an oxide shell could solve the problematic of the catalyst deactivation due to FA adsorption. We selected TiO 2 as the encapsulating oxide phase due to its non-basic character [START_REF] Farfan-Arribas | [END_REF] , in order to avoid the support leaching during the reaction. This type of solids in which the metal particles are coated by an oxide layer has been proposed as a potential catalytic material due to an enhanced control over interfacial sites which participate in the catalytic processes 26 . However, their catalytic applications have been scarcely studied 27,28 and to the best of our knowledge, they were never tested in the catalytic valorisation of biomass-derived products.

Herein, we report a highly active, selective and stable "core-shell" material for basefree oxidation of furfural in water using air as oxidant. The catalyst consists of SiO 2loaded AuNPs covered by a TiO 2 oxide shell. We found that using fully controlled synthesis of core-shell SiO 2 @Au@TiO 2 materials (Figure 2c), remarkable efficient heterogeneous catalysts can be prepared. The performance of the core-shell material was compared to that of a "conventional" system with AuNPs grown at the surface of a pre-formed SiO 2 @TiO 2 core-shell (SiO 2 @TiO 2 @Au, Figure 2a) and that of a system with AuNPs partially embedded in the SiO 2 @TiO 2 core-shell (SiO 2 @Au em @TiO 2 , Figure 2b).

Thus, our concept is simple and consists in the synthesis of three different catalysts,

where the metal-oxide interactions have been modified. Results show an enhancement of the catalytic performances in the oxidation of FF as the extent of the metal-support interface increases, pointing out a clear correlation between the catalyst architecture and the catalytic performance.

The studied catalysts with a 2 wt.% Au nominal content were prepared by a soft chemistry method previously described by us 29 . For the synthesis of the "conventional" SiO 2 @TiO 2 @Au catalyst, AuNPs were loaded on pre-formed SiO 2 @TiO 2 core-shell particles. Well-dispersed AuNPs deposited on the TiO 2 shell were obtained, as revealed by TEM analysis (Fig. 2a). Two different solids in which the extent of the metal-support interaction was increased were prepared by a modified synthesis method, using SiO 2 -loaded Au NPs (Au@SiO 2 ) as starting material. In the SiO 2 @Au em @TiO 2 catalyst, titanium isopropoxide (TTIP) was deposited on the surface of the Au@SiO 2 catalyst with no control of the hydrolysis conditions (pH and time). In this case, a "buried-like" structure consisting of partially embedded AuNPs was obtained. The TiO 2 shell was homogeneously deposited on the SiO 2 surface via the intermediate titanium hydroxide (Ti(OH) 4 ) formation, and Au nanoparticles were partially embedded into TiO 2 (Fig. 2b). The same procedure was carried out for the preparation of the SiO 2 @Au@TiO 2 catalyst, but carrying out a slow, fully controlled TTIP hydrolysis 29 . This method led to the formation of core-shell particles in which Au nanoparticles were encapsulated by a homogeneous TiO 2 shell with an average thickness of 0.5 nm (Fig. 2c). Mean Au particle size was ca. 5 nm in every catalyst. SiO 2 @TiO 2 @Au, (b) SiO 2 @Au em @TiO 2 , (c) SiO 2 @Au@TiO 2 .

The SiO 2 @TiO 2 and Au catalysts were tested in the base-free oxidation of FF in water using air as oxidant. Results are presented in Figure 3. supported SiO 2 @TiO 2 @Au, partially embedded SiO 2 @Au em @TiO 2 and core-shell SiO 2 @Au@TiO 2 catalysts (FF:Au ratio = 100, 2h, 24 bar of air, 600 rpm).

The SiO 2 @TiO 2 catalyst presents low catalytic activity and yields mostly condensation products, indicating that Au is indispensable for the oxidation reaction. Results obtained for the SiO 2 @TiO 2 @Au supported catalyst show that the sole presence of well-dispersed Au nanoparticles is not sufficient to boost the catalytic performance, according to the low conversion and selectivity values attained by this solid. The significant enhancement of the catalytic activity observed for the SiO 2 @Au em @TiO 2 catalyst, where Au nanoparticles are partially embedded by the TiO 2 support, already suggests an important role of the Au-TiO 2 interface. The performance shown by the SiO 2 @Au@TiO 2 core-shell catalyst, which selectively converted all the furfural into furoic acid, supports this theory. This material presented remarkable catalytic activity compared to its supported and embedded counterparts, with no by-products originating from side reactions detected during the catalytic cycle.

In light of the promising results, we also studied the influence of the Au loading in the catalytic behaviour of the SiO 2 @Au@TiO 2 core-shell catalyst. Results are given in Table 1. Table 1. FF conversion, FA selectivity and carbon balance in the oxidation of FF over SiO 2 @Au@TiO 2 core-shell catalysts with different Au loadings

Catalyst FF conversion (%) FA selectivity (%) Carbon balance (%)

SiO 2 @TiO 2 15 2 80 0.25% SiO 2 @Au@TiO 2 100 >99 >99 0.5% SiO 2 @Au@TiO 2 100 >99 >99

1% SiO 2 @Au@TiO 2 100 >99 >99

Differently from the supported catalysts (S.I., Table S1), results using the core-shell materials demonstrate that the total and selective conversion of FF to FA can be achieved even at Au loadings as low as 0.25 wt.%. This could solve a big challenge for the industrial application of gold catalysts, as higher yields with the lowest ever reported amount of gold could be reached. This could also indicate that the new active species formed on Au-TiO 2 interface are much more active than gold itself in the oxidation of aldehydes. It is believed that the accessible contact zone between the nanoparticles and the support as the bottom edge of the nanoparticles plays an important role on the catalytic performance, being proposed that the active sites are actually located in this specific rim position at the junction between the metallic nanoparticles and the oxidic carrier 26 . Through this concept, optimizing the quantity of "rim sites" could be a mean of accessing better catalytic performance.

The observed differences in the catalytic behaviour when Au is supported or encapsulated under a TiO 2 shell point at a difference in the reaction mechanism.

With AuNPs exposed on the catalyst surface and in the absence of a base, the furfural molecule should adsorb on the surface of gold and then follow the oxidation to the acid. Recently, Megías-Sayago et al. 30 studied the base-free oxidation of glucose to gluconic acid over Au/C catalysts and suggested that the oxidation reaction occurs preferably on gold and not on the metal-support interface or the support, in good agreement with previous studies 31 . The reaction is thought to proceed through the formation of a carbonyl conjugated radical which is subsequently oxidized. Since O 2 dissociation is not favoured on Au, the activation of O 2 takes place via formation and dissociation of peroxide (OOH*) and hydrogen peroxide (HOOH*) intermediates 32 .

Consequently, in our TiO 2 @SiO 2 @Au supported catalysts, furfural would adsorb on AuNPs to be subsequently oxidized through hydrogen peroxide formation. Since the reaction in this case occurs on the surface of gold, the deactivation of the catalyst is possibly taking place due to the irreversible adsorption of the FA formed during the reaction.

When AuNPs are encapsulated by a TiO 2 layer, furfural adsorption on the surface of gold should be excluded, which suggests that the oxidation process occurs by means of a different reaction mechanism. Whereas the SiO 2 @TiO 2 catalyst favoured the formation of condensation products, our SiO 2 @Au@TiO 2 core-shell catalysts showed excellent catalytic performance (Table 1), which confirms that the presence of Au is essential. We hypothesise that the controlled architecture of the SiO 2 @Au@TiO 2 coreshell catalysts could be responsible for an enhanced gold-titania interaction, with the active sites presumably located in the periphery of the TiO 2 -Au interface. In fact, some research groups have recently proposed the Au-assisted Mars-van Krevelen mechanism as a possible reaction path operating in the CO oxidation over Au/TiO 2 catalysts, which entails the participation in the oxidation process of lattice oxygen atoms near the periphery of Au/TiO 2 . The desorption of the CO 2 formed generates an oxygen vacancy, which is subsequently replenished [33][34][35] . The presence of Au in close interaction with the TiO 2 support plays a fundamental role, facilitating the formation of oxygen lattice vacancies in the Au/TiO 2 perimeter thanks to the ability of gold to accommodate the excess electrons generated during the oxygen vacancies formation.

Thus, in our case, furfural could adsorb on TiO 2 and react with the lattice oxygen atoms located at the periphery of the TiO 2 -Au interface to produce the acid, followed by the reoxidation of the catalyst. The oxidation of furfural to furoic acid could proceed through the Au-assisted Mars-van Krevelen mechanism, that is via the cyclic formation and replenishment of oxygen vacancies. Another possible mechanism could imply the adsorption on furfural on the surface of TiO 2 and its subsequent oxidation through the formation of hydrogen peroxide on gold. Such mechanism could take place assuming that diffusion of O 2 through the TiO 2 layer is possible. Regardless the reaction path, furfural adsorption does not occur on the surface of the metal particles, which prevents the accumulation of reaction products on the metal surface leading to the catalyst deactivation.

According to these hypotheses, the catalytic behaviour of the TiO 2 @Au em @SiO 2 catalyst could be explained by the simultaneous occurrence of both mechanisms, since Au can be found both on the surface or partially embedded in the TiO 2 layer.

In summary, the present results pave the way towards the design of highly efficient catalysts for oxidation reactions. Nevertheless, how the furfural oxidation proceeds in such a complex catalytic system is an aspect needing to be clarified. Thus, DFT studies and deep characterization of these materials are in progress to elucidate the mechanism of this reaction and the real nature of the active site.

Conclusions

SiO 2 @Au@TiO 2 core-shell catalysts have proved excellent activity, selectivity and stability in the base-free oxidation of furfural using air as oxidant. These materials show a hundredfold catalytic activity increase with respect to conventional supported Au catalysts (SiO 2 @TiO 2 @Au) even using very low gold loadings. This could be explained by a change in the reaction mechanism induced by an enhanced TiO 2 -Au interaction in the core-shell catalysts.

In the supported catalysts, furfural adsorption would take place on AuNPs, being possible the deactivation of the catalyst due to furoic acid adsorption. In the case of the core-shell catalysts, furfural adsorption would take place on the TiO 2 surface covering the metal particles, thus avoiding the irreversible adsorption of the acid on gold and the subsequent catalyst deactivation.

Our results demonstrate how the increase in the extent of the interface between the support and metal significantly increases the overall catalytic activity via synergism between both components. Indeed, once embedded the stability of gold is remarkable and the adsorption of the reaction products on the surface of gold is excluded.

Consequently, this work provides a new insight into the design of heterogeneous catalysts, suggesting that the core-shell SiO 2 @Au@TiO 2 catalysts could be used for various oxidation processes, even using harsh conditions.
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