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Core–shell SiO2@Au@TiO2 materials have shown excellent cata-

lytic performances in the base-free oxidation of furfural (FF) to

furoic acid (FA). The enhanced catalytic behaviour with respect to

that observed over supported SiO2@TiO2@Au catalysts suggests a

key role of the TiO2 shell, which could prevent Au deactivation by

irreversible FA adsorption, improve metal–oxide interaction and

presumably, give rise to the formation of new active sites located

at the perimeter of the Au–TiO2 interface.

With anthropogenic climate change and depletion of fossil
fuels being major concerns in our days, a shift in the energy
paradigm towards a “green” future has become imperative.1–3

In this context, the use of lignocellulosic biomass as a feed-
stock to produce biofuels, energy, and renewable chemicals
appears as a promising alternative for reducing greenhouse
gases (GHGs) emissions and for mitigating climate change.4–7

Among the lignocellulosic biomass derivatives, furfural (FF)
belongs to the top 10 platform molecules, which can be
further valorised into various 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 a starting
material in the agrochemical, pharmaceutical, flavour, and
fragrances industries.7,10

FA is industrially produced from FF via a Cannizzaro reac-
tion in the presence of a NaOH aqueous solution and strong
oxidant agents, followed by an acidification step using
H2SO4.

11 However, in the envisaged “green” context, the cor-
rosive and toxic nature of the employed reagents makes this
process undesirable.7,12 Thereby, research efforts in the last

decades have aimed at accomplishing such an oxidation
process in a sustainable way, avoiding the use of a base and
employing “green” oxidants such as H2O2, O2, or air.

13–15

Heterogeneous catalysts consisting of gold nanoparticles
(AuNPs) dispersed on inorganic oxides have shown very prom-
ising results for the partial oxidation of FF under green oxi-
dation conditions4,16–18 (Table S1†). These materials’ activity,
selectivity, and stability are governed by different parameters
such as the metal particle size, their acid–base properties, and
metal–support interaction.19,20 Thus, careful control of the
catalyst structure constitutes a key aspect for obtaining stable
catalysts while boosting the catalytic performance. Usually,
higher oxidation activity is achieved only in the presence of an
additional base, in aqueous or organic media. A proposed
alternative to facilitate the workup procedure for product puri-
fication (neutralization of the additional homogeneous base
by an acid, conventionally H2SO4 as aforementioned) is to
bring the necessary basicity through the use of a basic support
such as MgO, CaO, or hydrotalcite, which thus involves the
design of new catalysts (Table S1†). Still, catalyst stability in
aqueous media can be compromised due to the leaching of
the support.21,22 Another drawback when working in homo-
geneous base-free conditions is the deactivation of the cata-
lysts by irreversible adsorption of the formed acid on the metal
surface.23,24 Taking this into account, we hypothesised that
encapsulating Au nanoparticles within an oxide shell could
solve the issue of catalyst deactivation due to FA adsorption.
Since this strategy could hinder the access of the reactants to
the active site, controlling the thickness of the oxide layer

Fig. 1 Principle of synthesis of furoic acid (FA) from furfural (FF).
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becomes essential. We selected TiO2 as the encapsulating
oxide phase. Its non-basic character25 could avoid the support
leaching during the reaction, whereas its combination with Au
nanoparticles have shown promising results in oxidation reac-
tions.26 This type of solids in which an oxide layer coats the
metal particles has been proposed as a potential catalytic
material due to enhanced control of interfacial sites which par-
ticipate in the catalytic processes.27 However, their catalytic
applications have been scarcely studied28,29 and to the best of
our knowledge, they were never tested in the catalytic valorisa-
tion of biomass-derived products.

Herein, we report a highly active, selective, and stable
“core–shell” material for base-free oxidation of furfural in
water using air as an oxidant. The catalyst consists of SiO2-
loaded AuNPs covered by an ultra-thin TiO2 oxide shell. We
found that using a fully controlled synthesis of core–shell
SiO2@Au@TiO2 materials (Fig. 2c), remarkable efficient
heterogeneous catalysts can be prepared. The performance of
the core–shell material was compared with a “conventional”
system with AuNPs grown at the surface of a pre-formed
SiO2@TiO2 core–shell support material (SiO2@TiO2@Au,
Fig. 2a and Fig. S3–S7†) and that of a system with AuNPs par-
tially embedded in the SiO2@TiO2 core–shell
(SiO2@Auem@TiO2, Fig. 2b), meaning different types of metal–
oxide interactions. The result is an enhancement of the cata-
lytic performances in the oxidation of FF when a strong metal–
support interaction (SMSI) is achieved, pointing out a clear
correlation between the catalyst architecture and the catalyst
performance.

The studied catalysts with a 2 wt% Au nominal content
were prepared by a soft chemistry method previously described
by a part of the present authors.30,31 To synthesize the “con-
ventional” SiO2@TiO2@Au catalyst, AuNPs were loaded on pre-
formed SiO2@TiO2 core–shell nanoparticles. Well-dispersed
AuNPs deposited on the TiO2 shell were obtained, as revealed
by TEM analysis (Fig. 2a and Fig. S3–S7†). Then, two different
solids in which the extent of the metal–support interaction
was increased were prepared by a modified synthesis method,
using SiO2-loaded AuNPs as a starting material. In the
SiO2@Auem@TiO2 catalyst, titanium isopropoxide (TTIP) was
deposited on the surface of the SiO2@Au catalyst without

specific control of the hydrolysis conditions (namely of pH
and time). In this case, a “buried-like” structure consisting of
partially embedded AuNPs was obtained.

The TiO2 shell was homogeneously deposited on the SiO2

surface via the intermediate titanium hydroxide (Ti(OH)4) for-
mation, and Au nanoparticles were partially embedded into
TiO2 (Fig. 2b). The same procedure was carried out to prepare
the SiO2@Au@TiO2 catalyst, except that we used a slow, fully
controlled TTIP hydrolysis.30,31 This method led to the for-
mation of core–shell particles in which a homogeneous TiO2

shell with an average thickness of 3 nm encapsulated the
AuNPs (Fig. 2c). Mean Au nanoparticle size calculated from
TEM micrographs was ca. 5 nm in each catalyst.

The conversion achieved in the base-free oxidation of FF in
water using air as an oxidant with the three Au catalysts under
similar conditions is presented in Fig. 3. In addition, the
blank experiment with the SiO2@TiO2 catalyst support is
shown for comparison.

The SiO2@TiO2 catalyst support presents itself 15% conver-
sion and yields mainly condensation products, confirming
that Au is indispensable for the oxidation reaction. However,
the sole presence of well-dispersed Au nanoparticles is not
sufficient to boost the catalytic performance, according to the
low conversion (21%) and selectivity (18%) values observed for
the SiO2@TiO2@Au supported catalyst. The significant
enhancement of the catalytic activity observed for the
SiO2@Auem@TiO2 catalyst, where the TiO2 support partially
embeds AuNPs, already suggests an essential role of the Au–
TiO2 interface. The performance shown by the SiO2@Au@TiO2

core–shell catalyst, which quantitatively converted furfural into
furoic acid, corroborates this hypothesis. The material with
TiO2-encapsulated AuNPs thus presented remarkable catalytic
activity compared to its supported and embedded counter-
parts, with even no by-products originating from side reactions
detected during the catalytic cycle. In light of the promising
results with 100% carbon balance, we also studied the influ-
ence of the Au loading on the catalytic behaviour of the
SiO2@Au@TiO2 core–shell catalyst. The results are given in
Table 1. Unlike the supported catalysts (Table 2), results using
the core–shell materials demonstrate that the total and selec-

Fig. 2 Schematic representation and TEM micrographs of the prepared
catalysts. (a) SiO2@TiO2@Au, (b) SiO2@Auem@TiO2, (c) SiO2@Au@TiO2.

Fig. 3 FF conversion, selectivity to FA, and carbon balance over
SiO2@TiO2, supported SiO2@TiO2@Au, partially embedded
SiO2@Auem@TiO2 and core–shell SiO2@Au@TiO2 catalysts (FF : Au ratio
= 100, 2 h, 24 bar of air, 600 rpm).
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tive conversion of FF to FA can be achieved even at Au loadings
as low as 0.25 wt%.

This finding could indicate that the new active species
formed on the Au–TiO2 interface are much more active than
gold itself in the oxidation of aldehydes. However, standard
characterization by XRD (Fig. S8†) and XPS (Fig. S1 and S2†)
did not permit to observe differences in the TiO2 structure.
Indeed, the TiO2 layer deposited on gold is very thin (1–2 nm)
and XPS analysis depth is estimated of about 8 nm.

Various interpretation concerning the way Au-based cata-
lysts activity are documented, and commented below in the
light of our new results presented herein:

(i) It has been proposed for Au-supported catalysts that the
accessible contact zone between the nanoparticles and the
support at the bottom edge of the nanoparticles plays an
important role in the catalytic performance, with the active
sites located at this specific rim position at the junction
between the metallic nanoparticles and the oxidic carrier.27

Through this concept, optimizing the quantity of “rim sites”
or “rim-like sites” could be a mean of accessing better catalytic
performance.

(ii) The observed differences in the catalytic behaviour
when AuNPs are supported or encapsulated under a TiO2 shell
point towards a possible change 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-exposed gold and then follow the oxidation to the acid.
Recently, Megías-Sayago et al.32 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 agree-

ment with previous studies.33 In this hypothesis, the reaction
occurs through the formation of a carbonyl conjugated radical,
which is subsequently oxidized. Since O2 dissociation is not
favoured on the Au surface, the activation of O2 takes place via
the formation and dissociation of peroxide (OOH*) and hydro-
gen peroxide (HOOH*) intermediates.34 Consequently, in our
SiO2@TiO2@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 Au
surface, the deactivation of the catalyst is probably taking
place due to the irreversible adsorption of the FA formed
during the reaction.

(iii) When a TiO2 layer encapsulates AuNPs, furfural adsorp-
tion on the surface of gold should be excluded, which suggests
that the oxidation process occurs through a different reaction
mechanism. Whereas the SiO2@TiO2 catalyst support favoured
the formation of condensation products, our SiO2@Au@TiO2

core–shell catalysts showed excellent catalytic performance,
which confirms that the presence of Au is essential. The con-
trolled architecture of the SiO2@Au@TiO2 catalyst generates
an enhanced gold-titania surface interaction, with the active
sites presumably located in the periphery of the TiO2/Au inter-
face. In fact, some research groups have recently proposed the
Au-assisted Mars-van Krevelen mechanism as possibly occur-
ring during CO oxidation over Au/TiO2 catalysts, which entails
the participation of lattice oxygen atoms near the periphery of
Au/TiO2 in the oxidation process. The desorption of the CO2

formed generates an oxygen vacancy, which is subsequently
replenished by O.35–37 The presence of Au in close interaction
with the TiO2 support plays a fundamental role, presumably
facilitating the formation of oxygen lattice vacancies in the Au/
TiO2 perimeter thanks to the ability of gold to accommodate
the excess electrons generated during the oxygen vacancies for-
mation. Thus, in our case, furfural could adsorb on TiO2 and
react with the lattice oxygen atoms located at the periphery of
the TiO2/Au interface. The oxidation of furfural to furoic acid
could proceed through the Au-assisted Mars-van Krevelen
mechanism, that is, via the cyclic formation and replenish-
ment of oxygen vacancies. Another possible mechanism could
imply the adsorption of furfural on the surface of TiO2 and its
subsequent oxidation through the formation of hydrogen per-
oxide on gold. Such a mechanism could take place assuming
that diffusion of O2 through the TiO2 layer is possible.
Regardless of 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 catalyst deactivation.

According to these hypotheses, the catalytic behaviour of
the SiO2@Auem@TiO2 catalyst could be explained by the simul-
taneous occurrence of both mechanisms since Au can be found
both on the surface or partially embedded in the TiO2 layer.

The present results pave the way towards the design of
highly efficient catalysts for oxidation reactions. We demon-
strate using variable catalyst design that the TiO2/Au interface
has a key role in the reported enhancement of FF oxidation.
Nevertheless, how the furfural oxidation proceeds in such a

Table 1 FF conversion, FA selectivity, and carbon balance in the oxi-
dation of FF over SiO2@Au@TiO2 core–shell catalysts with different Au
loadings

Catalyst

Au
content
(wt%)

FF
conversion
(%)

FA
selectivity
(%)

Carbon
balance
(%)

SiO2@TiO2 0 15 2 80
0.25% SiO2@Au@TiO2 0.13 100 >99 >99
0.5% SiO2@Au@TiO2 0.53 100 >99 >99
1% SiO2@Au@TiO2 1.13 100 >99 >99
2% SiO2@Au@TiO2 2.02 100 >99 >99

Table 2 FF conversion, FA selectivity and carbon balance in the oxi-
dation of FF over SiO2@TiO2@Au supported catalysts with different Au
loadings

Catalyst

Au
content
(wt%)

FF
conversion
(%)

FA
selectivity
(%)

Carbon
balance
(%)

SiO2@TiO2 0 15 2 80
0.25% SiO2@TiO2@Au 0.28 70 12 38
0.5% SiO2@TiO2@Au 0.56 53 79 88
1% SiO2@TiO2@Au 1.26 34 56 85
2% SiO2@TiO2@Au 1.37 21 18 82
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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 extremely efficient active
site.

Conclusions

TiO2-encapsulated AuNPs, SiO2@Au@TiO2 core–shell catalysts,
have proved excellent activity, selectivity, and stability in the
base-free oxidation of furfural using air as an oxidant. The
materials showed a hundredfold catalytic activity increase with
respect to conventional supported Au catalysts
(SiO2@TiO2@Au), even using very low gold loadings, with
100% selectivity. The activity enhancement process could be
explained by a change in the reaction mechanism induced by
an extended TiO2–Au interaction in the core–shell catalysts. In
the supported catalysts, furfural adsorption would take place
on AuNPs, and possibly the deactivation of the catalyst is due
to furoic acid adsorption. In the case of the core–shell cata-
lysts, furfural adsorption would take place on the very thin
TiO2 layer just 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 a syner-
gic effect between both components. Indeed, once embedded,
the stability of gold increases and the adsorption of the reac-
tion products on the surface of gold is excluded.
Consequently, this work provides new insights into the design
of heterogeneous catalysts, suggesting that the core–shell
SiO2@Au@TiO2 catalysts could be used for various oxidation
processes, even under harsh conditions.
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