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ARTICLE INFO ABSTRACT

Keywords: Au/ZrO, catalysts (1.5 wt% Au loading) undergone to a final calcination at different temperature (423, 573, 773
Gold catalyst and 923 K) to opportunely modulate the Au size were proven to be highly active and selective in furfural
Zirconia

oxidative esterification to methyl-2-furoate. The catalysts were tested according to previously optimized reaction
conditions, employing Os as benign oxidant and without any base co-catalyst. The strong dependence of the
catalytic activity on the Au size was previously ascribed to the presence of Au clusters able to dissociate O, and
producing atomic O that can activate methanol. However, despite the absence of clusters, also the catalysts
containing larger Au nanoparticles were active, even if conversion and selectivity were remarkably lower if
compared to the other samples. The nature and the role of Au active sites exposed at the surface of clusters and
nanoparticles were then investigated by HR-TEM, CO chemisorption and FTIR spectroscopy of adsorbed CO,
molecular oxygen, methanol and furfural to establish structure-activity relationships. Metal nanoparticles can
activate oxygen and form superoxo species and atomic O, whereas experiments performed on the pre-hydrated
samples revealed that Au perimeter sites at the metal-support interface play a key role in methanol activation

Furfural oxidative esterification
Oxygen activation, methanol activation, Au
perimeter sites

during furfural oxidative esterification.

1. Introduction

The depletion of non-renewable fossil fuels boosted the research
towards the exploitation of renewable and sustainable resources [1,2].
In the forthcoming concept of bio-refinery, the possibility to convert
lignocellulosic biomass wastes into higher added-value chemicals is one
of the most challenging approaches, because platform chemicals can be
converted into compounds replacing those coming from petrol chemis-
try. Among platform chemicals, furfural (2-FA) has been recognized by
the U.S. Department of Energy as one of the top 12 biomass-derived
platform carbohydrate compounds [3]. 2-FA is employed in the prepa-
ration of drugs, pesticides, paints, plastics, commodities and fine
chemicals, solvents etc. [4], resulting in an increasing demand of its
derivatives at a compound annual growth rate (CAGR) of 2.69%, with a
production expected to achieve 1172.17 kt by 2024 [5]. Methyl 2-furo-
ate is a 2-FA derivative that finds application in fine chemicals, flavor
and fragrance industries and marine paints as antifoulants [6,7]. The
conventional method to obtain this molecule involves the use of strong
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oxidizing agents, such as KMnOj4 to convert 2-FA to 2-furoic acid, which
is then esterified by concentrated sulphuric acid in alcohol. Conversely,
another method requires strong bases such as NaOH, K>COs, Li;COs,
CsCO3 etc. [8,9]. However, to be regarded as both economically
attractive and sustainable, a process has to be carried out avoiding the
use of non-corrosive reagents and harsh reaction conditions. With this in
mind, the one-pot oxidative esterification of 2-FA to methyl 2-furoate, in
which methanol is either reactant or solvent, is a promising green
alternative, since it can be performed in the presence of molecular ox-
ygen and of a suitable heterogeneous catalyst to prevent the use of any
strong base [10,11]. Nevertheless, the number of attempts to carry out
this reaction without using bases is still low [12-17]. As for the het-
erogeneous catalyst, many supported metals (as Au, Pd, Ag, Co) as well
as bimetallic catalysts have been employed for oxidative esterification
reactions [11,18-25]. In this frame, catalysis by gold became of
increasing interest for reactions involving selective alcohol oxidations
[26,27] as well as oxidative-coupling reactions [28]. Au catalysis in
aerobic oxidation of alcohols and aldehydes has been also investigated
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in highly basic aqueous mediums [29-31].

The comprehension of the mechanism of alcohol activation on gold
systems represents a crucial step in the study of the reactivity displayed
by gold in several reactions. Over Au/ZnO, methanol dissociation has
been reported to occur over the support, where methoxy species are
formed and react with oxygen activated at the perimeter sites of the gold
particles at the interface between the metal and the oxide [32]. On the
contrary, formate species strongly bounded on the support are produced
and act as poison for the Au/TiO; catalyst [32]. It was also reported that
reactive methoxy species adsorbed on top on highly uncoordinated ti-
tanium sites, close to oxygen vacancies and uncoordinated gold sites are
involved in methanol decomposition at low temperature [33]. More-
over, the methanol molecule reacts with the surface OH groups of the
support producing methoxy species by elimination of water molecules
already at room temperature and an effect of the nature of the support
on methanol dissociation was found [34]. The enhanced activity in the
2-FA esterification to methyl furoate displayed by Au/ZrO, catalysts was
ascribed to the presence of Au clusters able to dissociate O producing
atomic O with basic properties able to activate methanol [12]. It was
also proposed that when supported on zirconia, Au nanoparticles should
have size < 3 nm to be active in the reaction [35]. Moreover, it was
unexpectedly found that the larger is the size of the Au nanoparticles
supported on CeOs, the higher is the activity in 2-FA esterification under
the same experimental conditions [36]. It was finally shown that 2-FA
took part to the reaction by interacting mainly with its carbonyl group
with the catalyst surface [14]. Very recently Delparish et al. by ab initio
density functional theory calculations proposed that in the reaction
pathway O, regenerates the active sites by abstracting hydrogen from
the Au surface, whereas methanol decomposes to form methoxy species
over gold sites. It was also found that methanol decomposition was
crucial to determine the overall reaction rate and to lower the amount of
the additive base. Conversely, neither furfural nor the silica support
participate in the rate-determining step of the reaction [37]. These re-
sults support on one hand, that there is a strong dependence of the
catalytic performances from the nature of the support and the metal
particle size, which affects the nature of the Au sites involved in the
reaction and, on the other hand, that the final calcination temperature to
which the samples underwent during preparation must be carefully
controlled to obtain a gold active phase with tailored size.

In this study, FTIR spectroscopy of adsorbed CO, O3, methanol and
furfural coupled with HR-TEM analysis, as well as CO chemisorption and
DR UV-Vis-NIR spectroscopy have been employed with the aims to
investigate (i) the nature of the Au sites depending on the particle size,
(ii) on which sites oxygen is activated, (iii) their role in methanol acti-
vation during 2-FA oxidative esterification and (iv) on which sites
furfural is adsorbed. A series of tailored Au/ZrO, catalysts with the same
metal loading (1.5 wt% Au) has been prepared. The samples have been
submitted to different final calcination at different temperatures (from
423 up to 923 K) to obtain catalysts with modulated gold size and tested
in the 2-FA oxidative esterification under previously optimized condi-
tions [35] to establish structure-activity relationships.

2. Materials and methods
2.1. Preparation of the catalysts

The zirconia support was prepared by precipitation from the
ZrOCly-8 Hy0 precursor at constant pH= 8.6, aged for 20 h at 363 K,
washed, and dried at 383 K overnight. It was found that the addition of
sulphates to zirconia promotes gold dispersion [38]. Therefore, to ach-
ieve a 2 wt% amount of sulphates on the final support, the obtained
zirconium hydroxide was sulphated with (NH4)2SO4 (Merck) by incip-
ient wetness impregnation. Then the sulphated Zr(OH); was then
calcined in air at 923 K to get sulphated ZrO,. Finally, gold (1.5 wt%
loading) was added by deposition-precipitation to zirconia (5 g) sus-
pended in 200 mL of an aqueous solution of HAuCly-3 H,O for 3 h at
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controlled pH= 8.6. The pH was kept constant by adding NaOH (0,5 M).
The gold amount was determined by atomic adsorption spectroscopy. In
this case, 100 mg of catalyst previously dried have been dissolved in an
aqueous solution of HF and aqua regia and disaggregated under mi-
crowave irradiation. The actual gold loading is 1.5 wt%. After filtration,
the samples were dried at 308 K overnight and finally calcined in air for
1 h at different temperature (423 K, 573 K, 773 K and 923 K) to
modulate the size of the Au nanoparticles given the same Au loading.
The catalysts were labelled as AuZ423, AuZ573, AuZ773 and AuZ923,
respectively.

2.2. Characterization of the catalysts

High resolution transmission electron microscopy (HR-TEM) ana-
lyses were performed by using a 300 kV JEOL 3010-UHR microscope
equipped with a LaBg filament and with X-ray EDS analysis by a Link
ISIS 200 detector. Digital micrographs were acquired by a (2k x 2k)-
pixel Ultrascan 1000 CCD camera and were processed by Gatan digital
micrograph. For the analyses, the samples in the form of powders were
contacted with a lacey carbon Cu grid, which resulted in the adhesion of
the sample particles by electrostatic interaction, hence guaranteeing
good dispersion of the particles on the grid and avoiding any modifi-
cation induced using a solvent. Histograms of the Au particle size dis-
tributions were obtained by counting a representative number of
particles for each sample and the mean particle diameter (d;) was
calculated by the following equation: d,, = 2d;n;/%n; (n; is the number of
particles with diameter d;). Au nanoparticles appeared well contrasted
with respect to the zirconia support and the counting was performed on
electron micrographs obtained starting from 300,000 x magnification.
Based on each particle size distribution, the corresponding metal Spe-
cific Surface Area (SSA, m?/g) of the Au nanoparticles (supposed to be
hemispherical) was calculated by the equation: SZniriz/(SAuZnirie') mz/g
(r; is the mean radius of the size class containing n; particles, and 84, the
volumetric mass of Au, equal to 19.32 g/cm®).

CO pulse chemisorption measurements on Au were performed at 157
K by using a lab-made equipment. Before the analyses the samples (200
mg) were reduced in a Hy flow (40 mL/min) at 423 K for 60 min, cooled
in Hy to room temperature (r.t.), purged in He flow (40 mL/min) and
hydrated at room temperature in a He flow (10 mL/min) saturated with
a proper amount of water to avoid CO chemisorption on the support and
therefore delete the contribution of the support. Then the samples were
cooled in He flow to 157 K [39].

Diffuse reflectance UV-Vis-NIR (DR UV-Vis-NIR) analyses of the as
prepared catalysts were performed in air at r.t. on a Varian Cary 5000
spectrophotometer, working in the 190-2500 nm range. The spectra of
the reduced samples were collected in a cell allowing thermal treatments
in controlled atmosphere and temperature. The AuZ423 and AuZz923
catalyst were submitted to a thermal pre-treatment in O, atmosphere
followed by reduction in Hy atmosphere. The activation procedure was
chosen accordingly to the final calcination to which each sample un-
derwent during preparation. The oxidation pre-treatment (deg./ox.
procedure, the label is followed by the temperature of the pre-treatment)
was performed as follows: heating from r.t. to 423 K under degassing;
followed by an inlet of O (20 mbar) and heating up to 423 K as for
AuZ423 and 673 K for AuZ923, changing the oxygen atmosphere three
times (20 mbar for 10 min each one) at the given temperature. The
sample was then cooled down to r.t. in Oy and finally degassed at the
same temperature. For both catalysts, the reductive treatment was car-
ried out (after oxidation) by heating from r.t. up to 423 K in Hy (10
mbar), keeping that temperature for 10 min, then the sample was cooled
to r.t. under outgassing (red./deg. procedure, the label is followed by the
temperature of the reduction pre-treatment). The pre-treatment pro-
cedures to which the catalysts have been submitted before the DR UV-
Vis-NIR and experiments are summarised in Table SM-1. UV-Vis-NIR
spectra were reported in the Kubelka-Munk function [f(R)= (1 —Rm)z/
2 R; Reo=reflectance of an “infinitely thick” layer of the sample.
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FTIR spectra were taken on a Bruker IFS66 spectrometer (equipped
with a MCT detector) with the samples in self-supporting pellets intro-
duced in a cell allowing thermal treatments in controlled atmospheres
and spectrum scanning at controlled temperatures (from 90 to 300 K).
From each spectrum, the background before the inlet of the probe was
subtracted. All spectra have been normalised to the weight of the pellets.
Before the FTIR experiments, the catalysts underwent to a thermal pre-
treatment in O, atmosphere to clean the surface from water and
carbonate-like species followed by reduction in Hy atmosphere to obtain
reduced gold sites. Also in this case, the detailed experimental condi-
tions of the activation procedure were chosen accordingly to the final
calcination to which each sample was submitted during preparation. In
particular, the oxidative treatment (deg./ox. procedure, the label is
followed by the temperature of the pre-treatment) included heating
from r.t. to 423 K under degassing; followed by an inlet of O, (20 mbar)
and heating up to 423 K as for AuZ423, 453 K in the case of AuZ573, and
673 K (AuZ773 and AuZ923). The O, was then changed three times (20
mbar for 10 min each one) at the given temperature. The sample was
then cooled down to r.t. in oxygen and finally degassed at the same
temperature. For all samples, the reductive treatment was carried out
(after oxidation) by heating from r.t. up to 423 K in Hy (10 mbar),
keeping that temperature for 10 min. After that, the sample was cooled
to r.t. under outgassing (red./deg. procedure, the label is then followed
by the temperature of the reduction pre-treatment). Moreover, as for the
experiments carried out with the methanol probe, the pre-treated cata-
lysts were further pre-hydrated at r.t. (5 mbar HpO for 60 min, then
degassing to 2.5 x10~2 mbar) to eliminate the contribution by the sites

2 3456 72,8910
Particle size [nm}
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Particle size [nri]
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of the support before the exposure to the CO probe. As for the experi-
ment on furfural interaction at r.t., the spectra were collected after the
inlet of 20 mbar CO at r.t. on the AuZ573 catalyst (i) after the oxidative
treatment (deg./ox. 573 K) followed by the reductive treatment (red./
deg. 423 K), and (ii) after furfural adsorption (1 mbar) at r.t. and out-
gassing at the same temperature. The pre-treatment procedures to which
the catalysts have been submitted before the FTIR experiments are
summarised in Table SM-2.

2.3. Catalytic activity tests

2-FA esterification with O, and CH3OH was investigated in previ-
ously optimized conditions (393 K, no NaHCO3 addition, a batch
reactor) [35]. Briefly, the Au/ZrO, catalyst (100 mg), 2-FA (Sigma
Aldrich, >99%; 300 pL) and n-octane (internal standard, Sigma Aldrich,
>99%; 150 pL) were added to CH3OH (150 mL), which is reactant and
solvent, choosing a Au/2-FA/CH3OH molar ratio equal to 1/5 x 10%/5
x 106, The reactor was charged with 12 bar O, under stirring at 1000
rpm. GC analysis of the converted mixture was performed after 180 min
(capillary column HP-5, FID detector). The kinetic studies were carried
out after 15, 40 and 90 min

2 3 4 5617 8 910
Particle size [nm]

Fig. 1. HR-TEM representative images and gold particle size distribution of AuZ423 (a), AuZ573 (b), AuZ773 (c) and AZ923 (section d). Au nanoparticles are

signalled by arrows. Instrumental magnification: 300000 x .
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3. Results and discussion

3.1. Effect of the Au dispersion on the catalytic activity and nature of the
exposed sites

The results of the HR-TEM characterization are summarized in Fig. 1,
where representative images of the Au/ZrO, catalysts calcined at
different temperatures are shown along with the corresponding particle
size distributions.

Very small roundish Au particles (indicated by arrows) with average
diameter of 1.5 + 0.3 nm, which results in a Au SSA of 91.2 m?/g, have
been observed on the AuZ423 catalyst (Fig. 1, section a). Indeed, the
particle size distribution is quite narrow and symmetric (see the inset in
section a), which means that the Au nanoparticles are very small, having
homogeneous size mainly between 1 and 2 nm. In addition, tiny gold
species with size < 1 nm (0.5-0.7 nm, indicated by arrows), i.e., clus-
ters, have been detected, too. In this frame, the presence of species even
smaller in size i.e., below the detection limit of the microscope, cannot
be ruled out.

The calcination at 573 K did not significantly affect the Au size and
morphology (Fig. 1, section b) since an average diameter equal to
dym= 1.9 + 0.4 nm has been obtained. Based on the particle size distri-
bution the Au SSA is equal to 70.7 m?/g. Again, the shape of the particle
size distribution is narrow due to the presence very small particles and
clusters, but it is shifted towards higher sizes. Larger Au nanoparticles
with size ranging between 1.5 and 4.5 nm were detected upon calcina-
tion at 773 K, which resulted in a broader size distribution if compared
to those related to AuZ423 and AuZ573. The average diameter dy, is 2.7
+ 0.7 nm, whereas the Au SSA corresponds to 48.6 m2/g (Fig. 1, section
c). Nevertheless, looking at the size distribution, the size of a large
fraction (about 35%) of particles remains very small, below 2.5 nm,
indicating that the calcination at high temperature did not change
drastically the metal dispersion. It could be hypothesized that very small
particles and, possibly, clusters still coexist together with larger parti-
cles. Conversely, the thermal treatment at 923 K has a dramatic effect on
the Au size. Particles with dp,= 5.3 + 1.6 nm have been observed along
with an increase in size of zirconia particles (Fig. 1, section d), while the
Au size distribution extends in the size range between 3 and 9 nm, with
the disappearance of small particles and clusters, which leads to a Au
SSA corresponding to 26.5 mz/g.

The as prepared catalysts, i.e. after final calcination during the
preparation are differently coloured and DR UV-Vis-NIR analysis (Figure
SM-1) revealed that position, shape, and intensity of the Au plasmonic
bands [40] depend on the particle size detected by HR-TEM. The red
shift of the plasmon band indicates that the size of the synthesized gold
particles increased [41] by increasing the calcination temperature.
Moreover, the broad absorption in the 20000-41000 cm ™" interval in-
creases in intensity by increasing the calcination temperature and could
be likely due to the presence of residual Au* and/or Au>* species which
are not reduced upon increase of the calcination temperature [42].
Indeed, such species have been observed also on AuZ773 and AuZ923. It
is worth noting that, as for these catalysts, the intensity of the bands
assigned to oxidized Au appears higher than that observed for AuZ423
and AuZ573 because of the simultaneous increase in intensity of the
plasmonic absorption. To further confirm this assignment, DR UV-Vis--
NIR spectra in controlled atmosphere and temperature have been
collected on the AuZ423 and AuZ923 catalysts after reduction (the
samples were previously submitted to deg./ox. 423 or 673 K, respec-
tively and then red./deg. 423 K, see details of the activation procedure
in Table SM-1). As show in Figure SM-1, sections b and c, the comparison
in the 41000-20000 cm ! range between the spectra of the as prepared
(full line) and reduced (dashed line) AuZ423 and AuZ923 catalysts re-
veals that the bands due to the oxidized species are depleted indicating
that they are fully reduced only upon reduction in Hj.

In section a of Fig. 2, the conversion of 2-FA after 15 min of reaction
with respect to the Au SSA is shown. After 15 min reaction the
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Fig. 2. Catalytic conversion after 15 min reaction at 393 K, 12 bar O, vs. the
Au SSA calculated basing on the HR-TEM particle size distributions. The red
dashed lines highlight the positions of 20% and 35% conversion (section a).
Catalytic conversion (l) and selectivity to methylfuroate (o) after 180 min
reaction at 393 K, 12 bar O vs. the Au mean size obtained by HR-TEM analyses
(section b). Conversion after 15, 40 and 90 min at 393 K, 12 bar O, for AuZ423
(violet), AuZ573 (pale violet) and AuZ773 (purple) catalysts (section c).

conversion achieved by AuZ423, AuZ573 and AuZ773 ranges between
25% and 35%, whilst AuZ923 reached 12% conversion. A similar trend
is obtained by considering the results obtained when both 2-FA con-
version and selectivity to methylfuroate are plotted with respect to the
Au mean size of the different catalysts (section b). Conversion and
selectivity were achieved after 180 min reaction at 393 K, 12 bar O,
according to a previous optimization [35]. The catalysts calcined at 423,
573 and 773 K gave similar results and show very good conversion and
selectivity as already observed [35].

Catalytic tests performed at different reaction times (Fig. 2, section c)
showed that conversion increases with the reaction time for all the
samples, but AuZ773 is always the best performing sample. At the same
time, the selectivity to methyl furoate does not vary significantly for the
three catalysts (90%, 91% and 88%, respectively). As far as AuZ423 and
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AuZ573 samples, HR-TEM analysis revealed narrow and symmetric
particle size distributions, indicating homogeneous size mainly between
1 and 2 nm and very small particles with size of 0.5-0.7 nm.

The increase of the calcination temperature reduces the Au SSA from
91.2 to 70.7 m?/g. On the AuZ773 catalyst very small particles and,
likely, clusters still coexist together with larger particles, being the Au
average size of this sample equal to 2.7 + 0.7 nm (Au SSA= 48.6 m%/g).
Conversely, upon calcination at 923 K small particles and clusters coa-
lesce to form large particles, as dyp=5.3+1.6nm and Au
SSA= 48.6 m?/g. These features are accompanied by a drastic decrease
in productivity and selectivity of the catalyst. Indeed, the sample
calcined at 923 K displays remarkably low conversion (about 24%) and
selectivity (about 60%) if compared to the other catalysts. However, if
assuming that Au clusters are essential for the activity [12], the poor
catalytic performances of AuZ923 cannot be explained. CO chemisorp-
tion expressed as molco/moly, ratio provides information on gold
dispersion, by giving information on the number of uncoordinated gold
sites able to absorb CO [39]. The molcp/mola, ratios are much higher
for AuZ243 and AuZ573 (0.651 and 0.320 molco/molay, respectively)
further putting in evidence the presence of clusters, which expose many
uncoordinated sites, and very highly dispersed species escaping from
HR-TEM observation. On the contrary, the molco/moly, ratio obtained
for AuZ773 is lower (0.027), due to the simultaneous presence of small
Au nanoparticles and clusters. AuZ923 possesses the lowest molco/-
moly, ratio (0.009), confirming the poor dispersion because of large
gold particles on these sample. Based on these findings, the nature and
the relative abundance of the Au sites depending on the particle size
were then investigated by FTIR spectroscopy of adsorbed CO.

In Fig. 3, section a the FTIR spectra recorded on the AuZ423 catalyst
after deg./ox at 423 K and red./deg. 423 K upon the CO inlet (7.0 mbar)
at 90 K and pressure reductions at the same temperature are shown in
the carbonylic region. Overall, the intensity of these bands is the lowest
with respect to those observed for the other catalysts due to the low
activation temperature (see sections b-d and Figure SM-2). Different
bands at 2090, 2145 and 2159 cm™! (with a weak shoulder at
2169 cm™!) were observed upon the inlet of CO at 90 K on AuZ423: the
most intense one is the band at 2090 cm™*. In particular, its position is
red shifted with respect to the usual position at 2100 cm™‘of CO
adsorbed on Au sites exposed at the surface of the metal nanoparticles
[43]. Furthermore, the maximum of the band does not shift by
decreasing the CO pressure, indicating that the CO molecules are not
affected by lateral interactions and thus CO is adsorbed on isolated Au
sites. Finally, the band does not decrease in intensity upon gradual
pressure reduction to 1 mbar, indicating that the bond between CO and
isolated Au sites is stable at 90 K. These observations, together with the
symmetry of the band and its width and half-height (~50 cm™!), and in
agreement with HR-TEM and CO chemisorption results, allow to assign
the band at 2090 cm ™! to CO adsorbed on highly dispersed Au clusters
[39].

Conversely, the component at 2145 cm ™! decreases significantly in
intensity due to the pressure decrease, indicating a weak interaction.
Simultaneously with the decrease of this band, the decrease of a band at
3623 cm ! in the hydroxyl region (data not shown) is observed, indi-
cating that the component at 2145 cm ™" is due to CO in interaction with
the OH groups of the support [44]. The band at 2159 em !, with a weak
shoulder at 2169 cm™, are assigned to CO adsorbed on different coor-
dinatively unsaturated Zr*" cations of the support [45]. Finally, the
formation of weak bands in the carbonate region are observed (data not
shown), indicating a low reactivity towards the formation of carbonate
species.

Overall, the bands observed on AuZ573 have similar positions with
respect to those observed for AuZ423, but the bands at 2170 cm ! and
2150 cm™! are much more intense than that at 2080 cm ™, indicating
that this catalyst exposes more sites related to the support, due to the
higher calcination temperature that the sample underwent before the
activation (deg./ox at 453 K followed by red./deg. at 423 K).
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Fig. 3. FTIR Absorbance spectra collected on AuZ423 (section a), AuZ573
(section b), AuZ773 (section ¢) and AuZ923 (section d) after the inlet of 7.0
mbar CO at 90 K and at decreasing pressures at the same temperature. The
spectra were subtracted from the spectrum of the sample before CO adsorption
and are reported in the carbonyl region.

The component at 2150 cm ™ is related to CO in weak interaction

with the OH sites of zirconia, as confirmed by its decrease following
pressure reductions at the same temperature and by the decrease of
absorption at 3612 cm ™! in the OH stretching region (see Figure SM-3).

Finally, the band at 2080 cm ™}, whose intensity does not change as
the CO pressure decreases (pointing out stable interaction) appears
broadened with respect to that related to AuZ423 and has a shoulder at
2095 em ™. It could be hypothesized that on AuZS573 a mixture of
clusters (band at 2080 cm™') [46] and nanoparticles (component at
2095 cm ™) [43,47] coexist, being the nanoparticles produced by
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sintering of the clusters upon calcination at 423 K.

In the case of AuZ773, the bands due to CO adsorbed on Zrtt
(2170 cm™!) and in interaction with the OH groups of the support
(2150 cm’l) have similar intensity than the band related to CO on Au
sites (2100 ecm ~1). This latter band is more intense, asymmetrical, and
blue shifts as the CO pressure decreases (inset) due to CO lateral in-
teractions due to the vicinity of the Au sites on the nanoparticles formed
upon cluster agglomeration at 773 K. These features indicate the pres-
ence of Au corner and edge sites exposed at the surface of the nano-
particles [47].

CO adsorption on AuZ923 (section d) produced bands at 2164, 2150
and 2100 cm™! related to Zr** sites, surface OH groups, and Au sites,
respectively. The relative intensity among the bands is different, since
the bands related to the support are much more intense than the band
due to the metal. Larger particles are formed upon calcination at 923 K,
affecting the size distribution of the gold particles as already revealed by
HR-TEM. Analogously to AuZ773, the asymmetrical shape of the band at
2100 cm™! reveals the presence of Au corner and edge sites exposed at
the surface of the nanoparticles [47].

Finally, the reduction in Hj at 423 K proved to be effective since the
CO probe did not detect any oxidized gold species at the surface of the
catalysts.

3.2. Reactivity of the Au sites toward molecular Oz from 90 K up to r.t

The reactivity of the Au sites was probed by adsorbing molecular
oxygen at 90 K on pre-adsorbed CO to check the capability of the cat-
alysts to oxidize CO to CO, and to understand which sites are involved in
oxygen activation. Section a of Fig. 4 shows the FTIR difference spectra
collected on AuZ423 after the inlet of 1 mbar O3 at 90 K on pre-adsorbed
CO at increasing contact times at the same temperature in the
2400-2000 cm ™! range. Conversely, the evolution of the spectra in the
carbonate region from 90 K up to r.t. is reported in section b.

The inlet of oxygen Oy on pre-adsorbed CO at increasing contact
times at 90 K leads to: (i) formation of a very intense band at 2339 cm’l,
due to molecular CO, adsorbed on the catalyst surface [43]. The amount
of CO; produced already at low temperature is so large that even the CO5
containing naturally abundant 13¢ (band at 2274 cm™Y) is observed; (ii)
at the same time, the band at 2090 cm™! due to CO on Au clusters is
slightly eroded at low frequencies, while the absorptions at 2145 cm ™
related to CO interacting with OH groups of the support and, at 2159 and
2169 cm ! assigned to CO on different 7Zr*t sites [45] decrease in
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intensity; (iii) simultaneously, in the range between 1800 and
1000 cm ™! an intense absorption centered at 1750 cm ™! is formed only
upon the O, inlet and increases in intensity with increasing contact time
(inset, from violet line to grey line). Based on the contemporaneous
decrease of the carbonyls on the metal and on the support when the band
at 1750 cm ™! starts to increase, it can be hypothesized that the related
species is bonded to both a zirconium ion and a borderline Au site
located at the perimeter of the clusters. In these conditions, the oxida-
tion of the CO pre-covered surface occurs upon the inlet of O, facilitated
the formation of this species because of electron withdrawal from the
surface, favoring the formation of the bent four-electron donor
carbonylic species likely on perimeter sites [48].

The bands related to CO2 and the carbonyls on Au and on the support
gradually decrease in intensity by increasing the temperature from 90 K
to r.t. (not shown), whereas in the carbonate region (section b of Fig. 4)
very weak bands tentatively assigned to bicarbonate-like species
(labelled as bic) [13] are produced at 90 K. At r.t. these species likely
convert into carbonate-like species (bands at 1640 and 1337 cm’l). The
narrow peak at 1169 cm™! that increased in intensity at increasing
contact times with O, at 90 K (not shown), but gradually decreases and
disappears at r.t., can be associated to the formation of a superoxo O3
species likely adsorbed on Au [49]. The bent CO species (band at
1750 em™!) gradually decreases in intensity by increasing temperature
and it is finally depleted at r.t. [48].

The same experiment performed with AuzZ573 (Fig. 5) showed that
the band at 2080 cm™! due to CO on Au sites of clusters and nano-
particles instantaneously decreases in intensity and shifts to 2096 cm™*
upon the inlet of O, (section a). These features indicated that the low-
frequency component of the band is easily eroded by O,, pointing out
that the Au clusters are extremely reactive toward oxygen and take part
in the reaction already at 90 K. Moreover, the formed COy (band at
2340 cm™!) gradually increases with time at 90 K (Fig. 5, section a).
Also in this case CO5 is produced in such amount that a weak peak
assigned to CO, with naturally abundant '°C can be observed at
2275 em L.

As for the 1800-1000 cm ™! spectral range (Fig. 5, section b), weak
bands related to formate and bicarbonate species start to grow up at
increasing contact times at 90 K and become well evident from 90 K to r.
t. (section c). Again, the bent CO species adsorbed on the perimeter sites
[48] are formed upon O, inlet at 90 K. However, the band at 1750 cm !
gradually decreases in intensity as the temperature raises from 90 K to r.
t. and at the same time, as shown in section c, formate species (labelled
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asF, bands at 1535, 1348, 1325 and 2925 cm ™~ '-not shown), bicarbonate
and mono- and bidentate carbonate species (labelled as bic, mono and
bid) and are formed. Formates and bicarbonates are produced upon
interaction between CO and CO5 molecules with the free OH groups of
the support, respectively.

The isosbestic point at 1723 cm™* seems to indicate that bent CO
species evolved in formate species and bicarbonate species. Mono- and
bidentate carbonates are formed by interaction of the produced CO,
with the O sites of the support. Interestingly, no O3 species on Au [49]
were observed on AuZ573, as a consequence of the presence of large
amounts of different adsorbed species at the surface of the catalyst.
Simultaneously, the increase of temperature led to the simultaneous
desorption of CO and CO; (Figure SM-4).

Figure SM-5 shows the FTIR spectra collected after O, inlet at 90 K
on pre-adsorbed CO at the same temperature on the AuZ773 catalyst.
CO4, is formed at 90 K also in this case, as indicated by the presence of
the absorption at 2340 cm ™. Either CO; or carbonylic bands gradually
decrease in intensity until they completely disappear except for the weak
absorption at 2100 cm™! related to CO adsorbed on Au sites (Fig. 6,
section a). At the same time, the band at 1770 cm_l, due to bent CO

species on the perimeter sites, has a higher intensity with respect to
AuZ423 and is also blue shifted in position. The band gradually decrease
in intensity upon temperature increase until it is completely depleted at
r.t. (section b).

Simultaneously, the bands at 1574, 1371 and 1361 cm ! ascribed to
formate species produced after 20 min in the CO-Oy atmosphere are
gradually superimposed by bands at 1585, 1471, 1359 and 1015 cm ™
due to monodentate carbonates. Based on the behavior towards the
temperature increase, the sharp peaks at 1501 and 1393 cm ™! (denoted
with asterisks) could be assigned to transient carboxylate species [50]
likely involved in the production of monodentate carbonate species.
Moreover, bidentate carbonate species (bands at 1655 em™!, 1256 cm ™!
and 1090 cm_l) are observed. The sharp and intense peak at 1168 cm !
is detected, which means that on this sample molecular oxygen is acti-
vated by gold particles creating also 0% species on Au sites as already
discussed for AuZ423. Overall, the intensity of the bands detected in the
carbonate spectral region (section b) is lower than that observed for the
sample calcined at 573 K. Conversely, the reactivity displayed by
AuZ773 gave rise to sharp bands identifying well defined adsorbed
species, according to the higher calcination temperature and the
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Fig. 6. FTIR Absorbance spectra collected on AuZ773 after the inlet of 1 mbar O, at 90 K on pre-adsorbed CO at increasing temperature from 90 K (purple line) up to
r.t. (pink line) in the 2400-2000 cm ! range (section a) and in the carbonate region (section b). The spectra were subtracted from the spectrum of the sample before
CO adsorption.
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different metal dispersion of the two catalysts.

The AuZ923 catalyst is not able to catalyze the oxidation of CO to
COq neither at 90 K (Figure SM-6) nor at r.t. (data not shown). The inlet
of Oy at 90 K led exclusively to the formation of the bent CO species
(band at 1745 cm™Y), whilst formates (with bands at 1579 cm™!,
1370 ecm ™!, 1357 em ™}, and 2775 cm™!-not shown) already produced
by CO at 90 K remain unchanged as for their intensity and position.
Upon heating from 90 K up to r.t., the behavior of these bands is the
same as observed for AuZ773, i.e., gradual decrease in intensity and
complete erosion except for the carbonyl species on Au sites (Fig. 7,
section a). In the carbonate region, the bent CO species (band at
1746 cm™!) gradually decreases in intensity upon temperature increase
until it is completely depleted at r.t. (section b).

Some formates are likely converted into bicarbonates (bands at
1631, 1420, 1217 cm™ 1) and at the same time, monodentate carbonate
species (bands at 1582, 1356, 1274 and 1026 em ™)) are formed (section
b). The superoxo o species on Au sites (band at 1167 cm™ ) are
observed also in this case, which points out that also the larger Au
particles produced by calcination at 923 K can activate molecular
oxygen.

Based on the intensity of the band of adsorbed CO; observed after
20 min at 90 K (Figure SM-7), that can be taken as a measure of the
capability to activate O, the following trend can be proposed:
AuZ573 > AuZ773 > AuZ423 > > AuZ923. The AuZ573 catalyst is
characterized by the presence of nanoparticles and clusters. On one
hand, as for AuZ773, the band related to CO on Au (2100 em V)is higher
in intensity if compared to that of AuZ573, hence exposing more Au
sites. However, AuZ773 is less reactive indicating that the clusters are
responsible for the better performance of AuZ573. On the other hand,
AuZ423 is characterized by the presence clusters with reactivity that
seems lower than that of the clusters on AuZ573. It can be proposed that
because of the lower calcination temperature to which AuZ423 was
submitted, the presence of residual OH groups is preventing CO from
adsorption on the zirconia surface as supported by the lowest intensity of
the band at 1746 cm™! and that most of the produced COj is probably
not adsorbed.

Overall, these results indicate that the Au sites of the clusters could
promote the dissociation of molecular O5 producing atomic oxygen
species, essential for the 2-FA oxidative esterification. It has been re-
ported that on noble metals (Cu, Ag, and Au) atomically adsorbed O acts
as a Brgnsted base, and reactants can donate H to the O, or to adsorbed
OH or alkoxides [51-54]. It is worth stressing that in our experimental
conditions the 2-FA oxidative esterification is carried out without any
base and in the presence of Au/ZrO catalysts. Therefore, O can largely
enhance the reactivity of Au surfaces toward alcohols, and it has been
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reported that adsorbed O is necessary to break the O—H bond and
initiate the reaction, and even that Au surfaces without O are inert to-
ward alcohols [55]. Although additional factors may be involved in O,
activation at low temperature on oxide-supported Au catalysts, it was
shown that the presence of steps and tensile strength, such as those likely
occurring on highly dispersed gold species, promote O, adsorption and
dissociation on Au [56]. Trying to get experimental evidence to support
this hypothesis, DR UV-Vis spectra were collected upon the inlet of O; at
r.t. at increasing contact time on reduced AuZ423 (violet line) and
AuZ923 (blue line) catalysts and the results are shown in Figure SM-8.
After 30 min upon the inlet of Oy at r.t., an erosion of the plasmonic
band is observed in both spectra (red line and orange line, respectively).
Such erosion points out a modification of the electronic properties of the
nanoparticles, likely due to the oxidation of a fraction of Au atoms
contributing to the plasmonic collective oscillation of electrons. This
feature can be taken as an indication that molecular oxygen is dissoci-
ated to atomic oxygen. Moreover, the erosion is more evident in the case
of AuZ423 with respect to AuZ923, which could imply that Au clusters
are more efficient than nanoparticles in molecular oxygen dissociation.

Furthermore, the FTIR CO-O spectra indicate that (i) the O3 peroxo
species can be produced also by Au nanoparticles and (ii) as a conse-
quence, the reactivity towards O, appears strictly connected with the
abundance of Au perimeter sites (the higher the Au size the higher their
number) as revealed by the intensity of the band related to bent CO
species at the perimeter between gold and the support. These species are
actively connected with the CO; formation.

3.3. Influence of the structure of the sites on the interaction with alcohols

This section shows how the CO probe can be employed to obtain
indirect information on the availability of Au sites after methanol
interaction, by comparing the FTIR CO spectra before and after alcohol
exposure. In these experimental conditions, methanol must be consid-
ered as a probe, not as a reactant. Moreover, no competition between
methanol and CO is observed, since the methanol inlet was followed by
degassing at r.t. to remove the gas phase. All the samples were submitted
to reduction in Hj at 423 K and to pre-hydration at r.t. to eliminate the
contribution of the support sites and to focus on the reactivity of Au
sites.

Fig. 8 shows the comparison between the spectrum collected on
AuZ423 deg./ox. at 423 K then red./deg. at 423 K and previously hy-
drated at r.t., after CO adsorption at 90 K (blue curve) and the spectrum
taken on the same sample after further interaction with CH3OH at r.t.
and subsequent CO inlet at low temperature (red curve).

CO adsorption at 90 K gives rise to a peak centered at 2150 cm ™!
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Fig. 7. FTIR Absorbance spectra collected on AuZ923 after the inlet of 1 mbar O, at 90 K on pre-adsorbed CO at increasing temperature from 90 K (wine line) up to r.
t. (blue line) in the 2400-2000 cm™! range (section a) and in the carbonate region (section b). The spectra were subtracted from the spectrum of the sample before
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Fig. 8. Comparison among the spectrum collected upon CO (0.5 mbar)
adsorption at 90 K on AuZ423 (section a) previously hydrated (0.025 mbar
H,0) at r.t. (blue curve), the spectrum taken after further interaction with
CH;30H (0.025 mbar) at r.t. and subsequent CO (0.5 mbar) inlet at 90 K (red
curve) and the spectrum recorded after interaction with O, (50 mbar) at r.t.
followed by CH30H (0.025 mbar) at r.t. and subsequent CO (0.5 mbar) inlet at
90 K (orange curve). Schematic representation of CO adsorption on the sample
after H,O and CH3OH interaction (section b) and after H,O, O, and CH3;0H
interaction (section c).

related to CO weakly interacting with OH groups formed upon water
adsorption and to a at 2089 cm™! due to CO adsorbed on highly
dispersed gold clusters [46] (section a, blue curve). The subsequent inlet
of CO after adsorption of methanol at r.t. and cooling down to 90 K (red
curve) produces a marked decrease of the band related to CO in inter-
action with OH groups of the support, whereas the band related to CO
adsorbed on the gold sites is in the same position and with almost un-
changed intensity. These spectroscopic features indicate that on AuZ423
methanol interacts with the OH groups of the support without dissoci-
ating on gold clusters, as illustrated in section b of Fig. 8.

The same experiment performed on reduced and pre-hydrated
AuZ573 is reported in Fig. 9 (section a, blue curve) and reveals the
same CO interaction with OH sites (band at 2150 cm_l) as well as the
presence of a weak component at 2161 cm™! due to CO on Zr*" sites.
Both these features are almost depleted upon methanol adsorption
(section a, red curve). The presence of some residual sites of the support
after the pre-hydration procedure is reasonably because on this sample
the gold nanoparticles occupy a minor fraction of support sites than
highly dispersed gold clusters on AuZ423. Therefore, given the same
amount of water, the sample calcined at 573 K is in some extent less
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hydrated than the one calcined at 423 K. This effect is further enhanced
on the sample calcined at 923 K, where the gold size is the largest (see
blue curve of Fig. 9, section b). Moreover, a band at 2093 em™!, with a
component at lower frequencies, is observed on AuZ573 (section a, red
curve) and it is assigned to CO on Au corner and edge sites exposed at the
surface of the nanoparticles [47]. This band decreases in intensity after
methanol interaction and a new component at 2075 cm ™! is observed.
Beside the same observations as for the sites at higher frequencies, the
decrease in intensity of the band related to CO on gold nanoparticles
(band at 2098 cm ') after interaction with methanol is further pointed
out on the sample calcined at 923 K (section b, red curve).

If considering that differently gold species are present on the cata-
lysts depending on the calcination temperature, it seems quite unex-
pected that in the case of the AuZ423 catalyst, that is exposing quite
reactive dispersed gold clusters which would be easily covered by any
adsorbing molecule, the band due to CO on gold sites is practically un-
changed after interaction with methanol at r.t. (Fig. 8, red curve in
section a), whilst the same band decreases with increasing the size of
gold species supported on zirconia (Fig. 9, red curve in sections a and b).
Akita et al. [57] previously investigated the structure of the perimeters
and of the contact interfaces of supported gold nanoparticles stressing on
the importance of these sites as the active sites in many reactions.

Moreover, theoretical studies stressed on the importance of the
presence of interfacial sites in CO oxidation [58] and methanol
decomposition [59]. It was reported that methoxy species are formed at
the interface between the gold and the oxide.

Due to the high dispersion, it can be assumed that the gold clusters
present on AuZ423 are exposing only interfacial sites whilst the support
sites are totally covered by water. In our experimental conditions, the
interfacial sites are blocked by interaction with water and therefore
methanol dissociation cannot take place, explaining the fact that the
band at 2089 cm ™! remained unperturbed after methanol interaction
(see section b of Fig. 8, where a schematic representation is provided).
On the contrary, the decrease of the band due to CO on gold indicates
that methanol activation takes place on the other two catalysts on which
gold nanoparticles with larger size as well as residual support sites have
been detected (the corresponding situations at the surface are reported
in sections c and d of Fig. 9). Nanoparticles, beside corner and edge sites,
expose also interfacial/perimeter sites, where different amounts of
methoxy species are formed upon methanol interaction at r.t. as
demonstrated in Figure SM-9, where a comparison among the spectra
collected after methanol adsorption on the zirconia samples calcined at
573 and 973 K is shown. The shoulder at 2075 cm™' observed upon
methanol interaction on AuZ573 can be tentatively assigned to CO
adsorbed on gold sites, possibly close to the interface with the support,
where methoxy species are adsorbed, as illustrated section b of Fig. 9.
This perturbation does not occur when considering the sample calcined
at 923 K where the gold particles have larger size and the gold adsorbing
sites are less close to each other, as indicated by the absence of the
component at 2075 em L

Therefore, methanol can be dissociated on pre-hydrated Au/ZrO,
catalysts strongly depending on the size of gold species and on the
availability of interface sites. In the case of pre-hydrated AuZ423, where
only highly dispersed gold clusters are available for CO adsorption and
the interface sites are blocked by water, no methanol dissociation oc-
curs. On this sample, the same experiment has been further repeated in
the presence of oxygen when methanol inlet was performed. The CO
absorption band (Fig. 8, section a, orange curve) is clearly decreased in
intensity i.e., depleted from the low frequency side, if compared to the
CO band obtained on the pre-hydrated sample (blue curve), indicating
that the gold sites are hindered to CO adsorption possibly by methoxy
species. Therefore, methanol dissociation can take place on the gold
clusters covered by atomic oxygen when no metal oxide support sites are
available to the adsorption. These sites favour methanol activation due
to adsorbed atomic O species able to abstract H from methanol and
simultaneously methoxy species, presumably on gold sites, are produced
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Fig. 9. Comparison between the spectrum collected upon CO (0.5 mbar) adsorption at 90 K on AuZ573 (section a) and AuZ923 (section b) previously hydrated
(0.025 mbar H,0) at r.t. (blue curve) and the spectrum taken after further interaction with CH3OH (0.025 mbar) at r.t. and subsequent CO (0.5 mbar) inlet at 90 K
(red curve). Schematic representation of CO adsorption on AuZ573 (section ¢) and AuZ923 (section d) after H,O and CH30H interaction.

[60] (see Figure SM-10). The findings here discussed indicate that, in
these experimental conditions, gold clusters behave similarly to un-
supported gold nanoclusters formed upon oxidation of the Au(111)
surface by ozone [61,62].

3.4. Proposed mechanism of 2-FA esterification with molecular oxygen
and methanol

Basing on the IR spectroscopic findings, mainly corroborated by DR
UV-Vis-NIR spectroscopy and HR-TEM results, a possible mechanism of
2-FA oxidative esterification to methyl 2-furoate can be proposed.
Firstly, FTIR experiments carried out to investigate the CO-O, interac-
tion from 90 K up to r.t. revealed that Au clusters can activate molecular
O, to form atomic oxygen species able to promote methanol activation
(Scheme 1, section a). Moreover, except for AuZ573 where large
amounts of formates, bicarbonates and mono- and bidentate carbonates
were produced, both clusters and nanoparticles are able to form peroxo
O3 species (section a).

Interestingly, bent CO species (band at 1750-1770 cm 1) are formed
by oxygen inlet on preabsorbed CO at the perimeter between gold and
zirconia. These perimeter sites can activate methanol during the 2-FA
esterification reaction, since beside some linear methoxy spectator
species produced on the support upon methanol inlet, methoxy species
(intense band around 1160 cm’l) are formed also at the Au perimeter
sites by involving atomic O adsorbed on Au, as demonstrated in the case
of pre-hydrated AuZ423 (Scheme 1, section b). Furthermore, it was
found that furfural is adsorbed on the catalysts’ surface by its carbonyl
group [14]. FTIR experiments carried out at r.r. upon CO adsorption on
AuZ573 red./deg. 423 K before and after 2-FA interaction (Figure
SM-11) clearly put in evidence that such molecule is adsorbed on the
Zr*" sites of the support (Scheme 1 section c), as testified by the
depletion of the CO band at 2164 cm™! after interaction with furfural
(section b of Figure SM-11). On the contrary, the band at 2100 cm!
related to CO adsorbed Au sites is practically unchanged as for both
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position and shape upon furfural adsorption. Indeed, an increase in in-
tensity of the band is even observed, due to a larger amount of CO
adsorbed on these sites, because the support sites are blocked by
adsorbed furfural and did not contribute to CO adsorption anymore.

Methoxy species on perimeter sites then react with adsorbed 2-FA to
form methyl 2-furoate (Scheme 1, section d). A schematic representation
of the 2-FA oxidative esterification to methyl 2-furoate is reported in
Scheme 1.

4. Conclusions

Au/ZrOs catalysts with the same gold loading, but with size modu-
lated by the final calcination temperature during preparation were
tested in the 2-FA oxidative esterification under previously optimized
conditions to investigate the nature of the Au sites depending on the
particle size and to have information on the sites involved in the reac-
tion, i.e. in both oxygen and methanol activation. FTIR spectroscopy of
adsorbed CO, Oz and methanol synergically coupled with HR-TEM
analysis, CO chemisorption and DR-UV Vis spectroscopy have been
employed to characterize the catalysts. A detailed analysis of the CO
bands collected at different temperature and of the modification induced
by co-interaction with oxygen, methanol and water has been presented.
The measurements were performed in well-defined experimental con-
ditions. The reactivity towards oxygen has been evaluated by studying
the CO-O; interaction at low temperature (90 K) up to r.t. either on the
catalysts containing clusters or on the samples exposing larger nano-
particles. It was found that Au clusters can activate molecular O to form
atomic oxygen, whereas peroxo O3 species were observed when either
clusters or nanoparticles were present, except for AuZ573. In the
absence of a base, atomic oxygen promotes methanol activation.
Moreover, upon oxygen inlet, bent CO species at the perimeter between
gold and the support are produced. The spectroscopic approach has been
effectively employed to investigate the active gold surface sites and to
put in evidence the key role displayed by these Au perimeter sites in
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Scheme 1. Schematic representation of the 2-FA esterification to methyl 2-furoate.

methanol activation during the 2-FA esterification reaction. CO-
methanol co-adsorption experiments on the pre-hydrated catalysts
allowed to have information on the role of the Au sites on methanol
activation, that is a reactant in the furfural esterification reaction. It has
been demonstrated that methoxy species are formed on gold perimeter
sites by involving an oxygen atom of the zirconia support (or atomic O
adsorbed on Au as in the case of pre-hydrated AuZ423). It has been
shown that furfural interacts with the catalyst’s surface mainly by its
carbonyl group and is adsorbed on the Zr*" sites of the support and then
reacts with methoxy species adsorbed on the perimeter sites. Indeed,
methanol activation does not occur if such kind of sites are not available
at the surface of the catalyst, indicating that in our experimental con-
ditions highly dispersed gold clusters exhibit similar behavior to un-
supported gold clusters produced on Au(111) surfaces. Finally, methyl
2-furoate is formed upon reaction between these methoxy species with
adsorbed 2-FA.

Catalyst design is strategic to improve atom and energy efficiency,
especially for industrial applications. These results allowed to unravel
the nature and chemical environment of the Au sites at the perimeter
with the support and put in evidence key role of these sites in the re-
action, opening new perspectives on the design and synthesis of more
performant and stable materials.
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