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Introduction

ABSTRACT

We reported the organic template-free synthesis of gold (Au) nanoparticles (NPs)
supported on TiO,, 5iO,, and Al,O; displaying uniform Au sizes and high dis-
persions over the supports. The Au-based catalysts were prepared by a deposi-
tion—precipitation method using urea as the precipitating agent. In the next step,
the solvent-free oxidation of benzyl alcohol was investigated as model reaction
using only 0.08-0.05 mol% of Au loadings and oxygen (O,) as the oxidant. Very
high catalytic performances (TOF up to 443,624 h™!) could be achieved. Specifi-
cally, we investigated their catalytic activities, selectivity, and stabilities as well as
the role of metal-support interactions over the performances. The conversion of
the substrate was found to be associated with the nature of the employed support
as the Au NPs presented similar sizes in all materials. A sub-stoichiometric
amount of base was sufficient for the catalyst activation and the observation of the
catalysts profile over the time enable insights on their recyclability performances.
We believe this reported method represents a facile approach for the synthesis of
uniform Au-supported catalysts displaying high performances.

several catalytic systems [1, 2]. Heterogeneous Au-
based catalysts are widely employed in an extensive
range of organic reactions, such as reductions [3-6],

Supported gold nanoparticles (Au NPs) have attrac- C-C couplings [7-9], and liquid- or gas-phase oxi-
ted widespread interest in the past few decades due dations [10-20], being the last group focus of great
to their impressive properties and reactivity in current interest [21, 22]. The green oxidation of
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organic compounds represents an eco-friendly
approach since O, is used as the oxidizing agent.
However, such reactions remain challenging due to
selectivity issues and catalyst recycling [23]. The
preparation or improvement in catalysts that present
enhanced performance and selectivity is strongly
desired since a variety of technological applications
of nanotechnology rely on the possibility of control-
ling the NPs size, shape, composition, and structure,
features that allow tailoring proprieties and boosting
the activity of the catalysts [24].

Au NPs with sizes below 10 nm dispersed on metal
oxides were found to be very active for oxidation
reactions [25-28]. Among numerous syntheses of
gold-based catalysts, two general strategies are
widely used and can be highlighted targeting
monodisperse Au NPs. One is the use of preformed
Au NPs associated with the use of organic templates
molecules (PVP, CTAB, SDS, etc.) [29-32]. The other
focuses on the grafting of the oxides prior to the NPs
impregnation, as the metal may interact with the
organic moieties available on the support surfaces
and favor the immobilization [33-35]. Although these
bottom-up approaches assist the NPs synthesis and
interaction with the support, the processes may be
detrimental for the catalytic system since some (or all)
of the active sites may be blocked, mainly when thiols
groups are employed for grafting and strongly coor-
dinating stabilizers are necessary [36]. The deposi-
tion—precipitation method with NaOH developed by
Haruta et al. is an excellent technique for catalysts
synthesis without the need for stabilizers or func-
tionalization [37]. Nevertheless, this technique
increases the pH of the solution, which drives a much
lower deposition of metal on the support than the
existing in the solution, since a substantial precipi-
tation occurs away from the support surface [38].
Geus et al. settled a similar methodology of synthesis
on which the precipitating base is urea. Such modi-
fication avoids local increase in pH and the precipi-
tation of metal hydroxide on the solution [39].

Among many materials (e.g., polymers, activated
carbon, carbon nanotubes, zeolites) used as support
for Au NPs [22], metal oxides have usually been
selected as function of their high stability and activity
in oxidation reactions [12, 20, 40-42]; silica, titania,
and alumina are among the most employed supports
for this matter [22]. Owing to their different acid/
base proprieties [43], studies exploring differences on
catalytic activities are very promising. Although such

materials seem to present similar catalytic activity for
CO oxidation when chemical vapor deposition of Au
was employed, suggesting no metal-support effects
[44, 45], PV A-stabilized Au NPs were shown to pre-
sent very distinctive performances when immobi-
lized in different oxides (among them, commercial
TiO,, Si0,, and Al,O3) for oxidative esterification of
ethylene glycol [43]. Thus, systematic studies on the
real support effect on oxidation reactions are the
focus of great interest since it seems to be related to
the catalyst synthesis and the substrate used.

Herein, we describe the synthesis of organic tem-
plate-free Au-based catalysts displaying uniform
sizes and high dispersion over the supports by a
single step deposition/precipitation method with
urea. The Au NPs were immobilized on commercial
Al,O3, Si0O,, and TiO,, and their catalytic activities
were investigated in the solvent-free benzyl alcohol
oxidation using O, as the oxidant, aiming at the study
of support effects and metal-support interactions.
Owing to Au NPs small sizes (~ 5 nm), we found
that the catalysts were able to undergo the reaction
with a very small amount of base for substrate acti-
vation [4648] and low Au loadings
(0.08-0.05 mol%).

Experimental
Materials and instrumentation

Analytical grade chemicals: chloroauric acid trihy-
drate (HAuCly-3H,O, 99.9%, Sigma-Aldrich), tita-
nium(IV) oxide (TiO, anatase, 99.7%, Sigma-Aldrich),
aluminum oxide (Al,Os, > 98%, Sigma-Aldrich), sil-
icon oxide (5iO,, 99.5%, Sigma-Aldrich), and urea
(powder, 99%, Sigma-Aldrich), were used without
further purification. All solutions were prepared
using deionized water (18.2 QM cm). The scanning
electron microscopy (SEM) images were obtained
using a JEOL field emission gun microscope JSM
6330F operated at 5kV. Transmission electron
microscopy (TEM) images and energy-dispersive
X-ray (EDX) spectroscopy images were acquired
using a FEI TECNAI G2 F20 operated at 200 kV. The
Au particle size was determined used Adobe Ilus-
trator CS6 software, in which he particles sizes were
defined by the total number of pixels and calculated
from the circular areas related to the Au NPs.
HRTEM analyses take into account at least 200 of
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particles. Not all TEM images were presented in the
paper, showing only the most representatives. The
samples were prepared by drop-casting an aqueous
suspension containing the catalysts over a silicon
wafer, followed by drying under ambient conditions.
The X-ray diffraction (XRD) data were obtained using
a Rigaku-Miniflex II equipment with CuKo radiation.
The diffraction pattern was measured at a 20 range
from 20° to 90° with a 1° min~"' step size and mea-
suring time of 5s per step. X-ray photoelectron
spectroscopy (XPS) data of the samples were
obtained with an SPECSLAB II (Phoibos-Hsa 3500
150, 9 channeltrons) SPECS spectrometer, with AlKa
source (E = 1486.6 eV) operating at 12 kV, pass
energy (Epass) =40eV, 0.1eV energy step and
acquisition time of 1 s per point. The samples were
placed on stainless steel sample-holders and were
transferred under inert atmosphere to the XPS
prechamber and held there for 2 h in a vacuum
atmosphere. The residual pressure inside the analysis
chamber was ~ 1 x 10~ Torr. The binding energies
(BE) of the Au 4f spectral peaks were referenced to
the C 1s peak, at 284.5 eV, providing accuracy
within + 0.2 eV. Temperature-programmed reduc-
tion with hydrogen (H,-TPR) was carried out in a
Quantachrome ChemBET-Pulsar instrument equip-
ped with a thermal conductivity detector. Typically,
0.05 g of a catalyst was dried under a He flow at
120 °C for 1 h and then cooled down to room tem-
perature. The H,-TPR profiles were obtained between
50 and 1100 °C in a flow of 10% H,/N,, with a linear
temperature increasing rate of 10 °C min~". Textural
characteristics of the matrices were determined from
nitrogen adsorption isotherms, recorded at — 196 °C
in an Autosorb IQ-Quantachrome Instrument. The
samples (ca. 100 mg) were degassed for 2 h at 150 °C
before analysis. Specific surface areas were deter-
mined by the Brunauer-Emmett-Teller equation
(BET method) from adsorption isotherm generated in
a relative pressure range 0.07 <P/Po < 0.3. The
average pore diameter was determined by the Bar-
rett-Joyner—Halenda (BJH) method from the N, des-
orption isotherms. The CO chemisorption data and
the carbon monoxide temperature-programmed des-
orption profiles (CO-TPD) were carried out in a
Quantachrome ChemBET-Pulsar instrument equip-
ped with a thermal conductivity detector. The area of
exposed Au was measured by CO pulse chemisorp-
tion at 50 °C using a pulse of 5% CO under He
environment. Prior to the chemisorption, 0.05 g of the
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catalyst was pretreated at 450 °C under a 10% H,/N,
flow, with a linear temperature increasing rate of
10 °C minfl, kept at 450 °C for 1 h, and then cooled
down to 50°C. Sequentially, temperature-pro-
grammed desorption was performed by heating
under a 75 cm® min~" stream of He between 50 and
1100 °C with a heating rate of 10 °C min~'. A Shi-
madzu GFA-EX7i flame atomic absorption spec-
trometer (FAAS) equipped with a pneumatic
nebulizer system was used for the metal content
analyses. A gold hollow cathode lamp was used
throughout. The instrumental parameters and
experimental conditions used for Au measurement
by FAAS were: wavelength = 242.8 nm; lamp cur-
rent = 5 mA; band pass = 0.7 nm; height of obser-
vation = 7 mm; air flow rate = 15 L min ! ; acetylene
flow rate = 2.0 L min~%; reading time = 5s; nebu-
lizer aspiration flow rate =4 mL min~'. The Au
leaching analyses were performed by using a
SPECTO ARCOS ICP-OES.

Synthesis of the catalysts

The described procedure was performed according to
Gu et al. [49], with modifications on the order of
reagents addition, urea amount, and gold precursor
concentration. All the adopted adjustments are herein
listed. In a typical synthesis, 1.0 g of the support
(510, TiO,, and Al O3) was suspended in 100 mL of
deionized water. Then, 0.7 g of urea was added and
stirred for 5 min before the addition of 5 mL of
0.012 mol L™" aqueous solution of HAuCl, at room
temperature, under continuous stirring. The mixture
was heated to 90 °C and maintained at this temper-
ature for 4 h under stirring. After that, the solid was
collected by centrifugation and washed with water (3
times, 20 mL each) and dried in an oven at 50 °C. As
a final step, the material was calcined at 300 °C for

4 h in air using a ramp rate of 10 °C min~".

Catalytic experiments

The oxidation reactions were performed in a 100-mL
Fischer—Porter glass reactor at 4 bar of O, and 100 °C,
except when mentioned. In a typical reaction, the
reactor was loaded with the catalyst (2.6 umol of Au),
the base (0.22 mmol of K,CO3), and benzyl alcohol
(9.6 mmol). The temperature and stirring were
maintained by a stirring plate connected to a digital
controller. Usually, the reaction time was 3 h. At the



J Mater Sci (2019) 54:238-251

end of the reaction, the catalyst was recovered by
centrifugation. The products were analyzed by gas
chromatography (GC) using p-xylene as standard.
The catalyst was used several times and washed
twice with CH,Cl,, twice with water and calcined at
300 °C before each recycling.

Results and discussion

We stated with the synthesis of Au-based catalysts
supported on different inorganic oxides (Al,O3, 5iO,,
TiO,). To this end, a deposition—precipitation
approach was employed, in which AuCly ,q) was
used as the metal precursor, urea as the precipitat-
ing/reducing agent, and water (at 90 °C) as solvent
without the addition of any other stabilizing agent or
organic template [39]. Figure 1 shows the SEM
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images for the obtained Au/AlLO; (Fig. 1a, b), Au/
5i0, (Fig. 1d, e), and Au/TiO, (Fig. 1g, h) catalysts.
They presented similar NPs sizes, corresponding to
5.56 + 2.08, 4.70 £+ 1.39 nm, and 4.94 + 1.37 nm, for
Au/Si0O,;, Au/AlLO; and Au/TiO,, respectively.
Figure 1 also shows the histograms of size distribu-
tion for Au nanoparticles supported on the catalysts,
indicating that our employed procedure led to the
formation of supported nanoparticles displaying
spherical shapes, good size distributions, and uni-
form Au NPs coverage onto the supports (without
any detected agglomeration). To gain more insight
into that matter, STEM-EDS elemental mapping
images were obtained for the three catalysts, as
observed in Fig. 2. Al, Si, Ti individual mappings are
depicted in Fig. 2b, e, h, respectively, while the Au
NPs maps of the Au/AlL O3z, Au/SiO,, and Au/TiO,
catalysts are displayed in Fig. 2¢, f, i, respectively.

O
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Au/ALO,

g

R d

g

Frequency (%)

-
o

Particle size (nm)

Figure 1 SEM images of Au/AL,O; (a-b), Au/SiO; (d—e) and Au/TiO, (g-h) catalysts and their respective size distribution histograms.
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Figure 2 STEM-EDS elemental map images of Al, Si, and Ti (b, e, h). The maps shown in (c, £, i) correspond to Au/Al,03, Au/SiO,,

and Au/TiO, catalysts, respectively.

Interestingly, just the Au/SiO, presented some
degree of aggregation, which was not clear in the
SEM images.

The Au at.% of the Au-based catalysts was deter-
mined by FAAS analyses (Table 1) and corresponded
to 1.70, 1.76, and 1.72 for Au/Al,O5;, Au/SiO,, and
Au/TiO,, respectively. Interestingly, all catalysts
presented similar Au loadings, which also were
similar to the expected compositions as the AuCl,™/
oxide molar ratio was kept the same for all catalysts.
The corresponding number of Au sites exposed at the

catalyst surface was determined by CO chemisorp-
tion (Table 1). It corresponded to 18.5, 28.8, and
44.4 pmol per gram of catalyst for Au/ALO; Au/
5i0,, and Au/TiO,, respectively. Interestingly,
despite the similar sizes and Au loading, significant
differences in the number of Au surface sites were
observed among the catalysts. This behavior can be
associated with the magnitude of the metal-support
interactions, in which metal nanoparticles interact
differentially with each metal oxide. As a result, the
level of adherence of a metal onto the surface of oxide

Table 1 Weight percentage, specific surface area, and number of Au active sites on the oxides obtained by FAAS, BET, and CO

chemisorption analyses, respectively

Active sites (umol g~' of metal) ~ Mean pore diameter (nm)

Sample Weight percentage (Au wt%)  Surface area (m” g ')
Au/ALO;  1.70 92 (111)*

Au/SiO, 1.76 150 (155)*

Au/TiO, 1.72 50 (51)°

18.5 31.5
28.8 56.5
44.4 425

*The values in parenthesis are relative to the pure commercial supports before addition of Au NPs
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Figure 3 H,-TPR profiles of Au catalysts and their supports:
a Au/Al,O3 and Al,O3; b Au/SiO; and SiO,; and ¢ Au/TiO, and
TiO,.

structures (as a function of the degree of interaction)
leads to different proportions of the nanoparticles
connected to the support, and consequently,
unavailable for the catalytic process [50, 51]. Specific

surface areas for the materials, obtained by BET
method, and their respective pore distributions (Fig-
ure 51), obtained by BHJ method, are also displayed
in Table 1. All the obtained catalysts presented sim-
ilar values of specific areas as compared to com-
mercial supports prior to Au NPs deposition. The
mean porosity observed follows the increasing order:
AU/A1203 < AU/T102 < AU/8102

The catalysts were also analyzed by temperature-
programmed reduction (TPR) with hydrogen (H,), as
shown in Fig. 3. Among the pure commercial sup-
ports, only AlL,O; (Fig. 3a) showed an absence of
peaks related to the H, consumption, indicating that
no reduction processes took place in the temperature
range employed in the analyzes [52-54]. On the other
hand, both SiO, (Fig. 3b) and TiO, (Fig. 3c) presented
peaks assigned to their reductions [43, 55, 56]. More
specifically, SiO, presented an H, consumption
shoulder centered at 800 °C and an intense peak of
H, consumption centered at 985 °C. TiO, presented
two intense peaks at 685 and 1009 °C with a shoulder
at 814 °C. Interestingly, after the incorporation of Au
NPs on the Al,O; support, no peaks of H, con-
sumption were detected, in agreement with the
deposition of zero-valent Au species [43]. However,
for SiO, and TiO, supports, after immobilization of
Au, the signals also disappeared, suggesting an
effective interaction of the nanoparticles and the
support. It has been proposed that such events may
be related to a suppression of hydrogen adsorption
originated from the migration of the partially
reduced oxides to metal surfaces due to thermal
diffusion [51]. This is extremely important in catalysis
due to the enhancement of catalytic activities as the
consequence of effective metal-support interactions
[57-61]. To shed some light on the metal oxidation,
XPS analyses were performed (Fig. 4). The surface
gold content and the electronic state of the catalysts
were characterized, and the binding energies sug-
gested Au(0) species for the three catalysts. Specifi-
cally, the binding energies of Au(0) 4fs,, lines were
87.4 eV, 87.4,and 89.4 eV for Au/SiO,, Au/TiO,, and
Au/AlLQO;, respectively. Interestingly, the binding
energies of Au(0) 4f;,, lines were also observed for
the catalysts and were the following: 83.8, 83.8, and
85.6 eV for Au/SiO,, Au/TiO,, and Au/Al,O3,
respectively. Since the binding energy of the Au(0)
4f;, line for bulk gold is usually reported at 84.0 eV
[62], the XPS analysis suggested a stronger
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Figure 4 XPS spectra of Au 4f core levels for Au/ALO; (a), Aw/
SiO; (b), and Au/TiO; (c).

interaction between Au and AlL,Oj relative to Au/
TiO, and Au/SiO, samples.
Temperature-programmed desorption technique
can bring some insights on the acid/base properties
of the catalysts. At higher temperatures, adsorption
phenomena were found to occur on stronger acid
sites rather than on weaker sites when using some
probe molecules, while random adsorptions occur on
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Figure 5 CO-TPD profiles of the supported Au catalysts: Au/
Al,03, Au/SiO,, and Au/TiO,.

both weak and strong sites at low temperatures [63].
Thus, temperature-programmed desorption of CO
(CO-TPD) (Fig. 5) was employed in order to investi-
gate the acidic properties of the catalysts by the
temperature and intensity of CO desorption peak.
This method retains its validity for hydroxylated
surfaces since the CO probe molecule is a very weak
Lewis base that, under the analyses conditions, pro-
vides information on the acid sites of the catalysts
[64]. As observed in Fig. 5, the desorption tempera-
ture of the three samples varies considerably, indi-
cating different interaction energies with the
catalysts. The results suggest not only different
structures adopted by CO on Au surfaces but also
different adsorptions energies with the hydroxylated
surfaces of the supports (different adsorption heat-
ings). Although both phenomena occur simultane-
ously, the high affinity of CO with gold species
suggests the acidity is more related to the Au NPs,
with some degree of interaction with the supports.
Therefore, the acidity order seemed to decrease as
follows: Au/Al,O3 > Au/SiO; > Au/TiO,. Interest-
ingly, the acidity of the materials accompanied the
order of acidity of their respective supports, in
agreement with the effective interaction between the
Au NPs and the oxide supports [43].

The obtained catalysts displayed Au NPs with
well-defined shapes, uniform size distribution, and
coverage of oxide supports with different degrees of
acidity. These attractive features were exploited
toward the solvent-free green oxidation of benzyl
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alcohol under an O, atmosphere. In the oxidation of
benzyl alcohol, the presence of an external base is
considered essential for the substrate hydrogen
abstraction [46-48]. Thus, K,CO; was chosen con-
sidering its remarkable efficiency based on previous
studies [12, 20, 65]. However, the experiments were
performed using sub-stoichiometric amounts of
K,CO;, 5 times lower than the usual amount
observed in the literature to increase the attractive-
ness of our reported system. In order to optimize the
catalytic performance of our oxidative system, a ser-
ies of experiments studying the benzyl alcohol con-
version and products distribution as a function of
temperature and stirring speed were performed. The
results of these tests are shown in Table 2 (after 3 h of
reaction). As an initial screening, the catalysts were
used for oxidation reactions under two temperatures.
Although changing the temperature from 80 to
100 °C had no significant effect on the Au/SiO, per-
formance (Entries 1 and 2), there was a remarkable
influence on the activity of the Au/TiO, (Entries 4
and 5) and Au/AlLO; catalysts (Entries 7 and 8).
Also, except for the Au/SiO, catalyst, the tempera-
ture increasing presented an improvement toward
the oxidation of the substrate to benzoic acid. It was
quite unexpected that the Au/Al,O; was the more
active and selective catalyst at 100 °C (Entry 8), since
it presents the highest acidity of the set and the
lowest number of Au surface sites. However, at the
same temperature, the observed activity Au/TiO,
catalyst (Entry 5) may be explained by the highest
number of superficial Au sites, even considering its
lower overall surface area. The observed behavior for

the Au/SiO; catalyst is somehow expected since it
presents the highest surface area and an intermediate
number of superficial Au surface sites. The same
trends were not observed in 80 °C. Thus, it seems that
the small amount of base used requires higher tem-
peratures to be effective. When the stirring speed was
increased from 200 to 500 rpm, significant enhance-
ments on the activity and the selectivity of the cata-
lysts were observed (Entries 3, 6, and 9), which can be
associated with mass transfer issues overcome with
the increase in the level of agitation. From these
results, the temperature of 100 °C and the stirring
speed of 500 rpm were chosen for further
experiments.

Control experiments employing the pure com-
mercial supports (Al,O3, SiO,, and TiO,) and without
any catalyst (blank reaction) were performed
(Fig. 6a). In the presence of all pure commercial
supports and without a catalyst, no significant benzyl
alcohol oxidation was observed even after 7 h of
reaction at 100 °C. Figure 6b shows the benzyl alco-
hol conversion percentages as a function of time for
Au/AlLO; (black trace), Au/SiO, (blue trace), and
Au/TiO; (red trace). It is important to note that all
Au-based materials did not present pronounced
induction periods since after 0.5 h all the three cata-
lysts were able to convert the substrate. It suggests
the active sites were available at the beginning, what
corroborates with the TPR analyses that showed
metallic Au NPs were successfully formed during the
synthesis step [43]. In terms of conversion profiles as
a function of time, only minor differences were
observed, in which the values for conversion of

Table 2 Oxidation of benzyl

alcohol catalyzed by Aw/TiO», Entry Catalyst Temperature (°C) Conversion (%) Selectivity (%)

AU/Si0,, and AWALO; Benzaldehyde Benzoic acid

catalysts in the presence of

K,CO; performed in non- 1 Au/SiO, 80 36 40 60

aqueous media 2 Au/SiO, 100 37 54 46
3 Au/SiO5 100 56 29 71
4 Au/TiO, 80 9 75 25
5 Au/TiO, 100 56 59 41
6 Au/TiO3 100 63 32 68
7 Au/AL,O4 80 13 55 45
8 Au/Al,04 100 64 32 68
9 Au/AlL,05 100 76 22 78

Reaction conditions (solventless): benzyl alcohol (9.6 mmol), catalyst (2.6 umol of Au), K,CO;
(0.22 mmol), 4 bar of O,, 3 h, 200 rpm

500 rpm
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Figure 6 Conversion profiles as a function of time for a pure
commercial supports and without any catalyst and b Au/Al,O3,
Au/TiO,, and Au/SiO, catalysts. ¢ TOF values calculations for Au/

benzyl alcohol during the entire reaction period did
not show great variations among themselves. Here,
for all catalysts, quasi-plateau profiles after 7 h of
reaction were observed with the activity essentially
stationary up to 24 h. The stationary activity may not
be suggested as deactivation, rather it may be pro-
posed as lack of active sites available due to strong
adsorptions of the substrate/products or small
quantity of base [66]. Tests with more base presented
the same profile, which allow us to suggest the
adsorptions are strong on the surface of the catalysts.
However, when the catalytic activity is analyzed by
the turnover frequency (TOF), considering the metallic
sites, a more robust and accurate measurement of
catalytic  activity calculated using the CO
chemisorption data, we could observe significant
differences in the catalytic performances among the
investigated catalysts. More specifically, Au/AlO3
catalyst presented a TOF of 443,624 h™' at 100 °C,
which is the highest TOF observed for the set since
the Au/TiO, and Au/SiO, catalysts presented TOF
of 213,850 and 139,480 hfl, respectively. Considering
that the NPs sizes were similar in all samples (Fig. 1),
the observed tendency can be associated as a
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combination of the contribution of the nature of the
support and the number of active sites available for
promoting the catalytic process. In this case, as Au/
Al,O5; presented the lowest value of the metallic
surface area (18.5 pmol g~ metal). Thus, the influ-
ence of the support stood out compared to the
number of surface metallic sites. The recognized
acidity of Al,O; may strongly contribute to the
increase in the catalytic activity of Au NPs on their
surface [67]. Hu et al. have previously shown that
gold catalysts prepared by a PVA-stabilized
approach and immobilized in commercial supports
presented different activities for the oxidative esteri-
fication of ethylene glycol that are related to stronger
interactions between Au and support and acidity of
support. Although in such study the acidic sites were
suggested to be associated with esters formation,
which was not the case from the studies reported
herein, the most active catalyst was the most acid as
well. In addition, even with a different Au NPs syn-
thesis methodology, the authors also observed the
following descending order of activity: Au/AlLOs.
> Au/SiO;, > Au/TiO, [43]. Haruta et al. observed
similar TOF values for Au/Al,O3, Au/SiO,, Au/TiO,
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for CO oxidation (when prepared by gas-phase
grafting of gold acethylacetonate); however, they also
associated the major controlling factor for the cat-
alytic activity with the strong interaction of the Au
NPs and the supports [68].

On the other hand, among the supports with sim-
ilar levels of acidity, the effect of the number of active
sites was the determinant factor in the increase in the
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catalytic activity, in which TiO, presented a higher
activity comparing to SiO, as a function if its higher
concentration of Au surface atoms (444 and
28.8 umol gfl metal for Au/TiO, and Au/SiO,,
respectively). Our results demonstrated that the Au/
Al,O5 catalyst was the best for the proposed synthe-
ses, which is quite unexpected according to the lit-
erature that tends to present better results using TiO,
catalysts [43, 69-71].

All investigated catalysts could be recovered from
the suspension at the end of the oxidation reaction by
centrifugation and reused in the same reaction after
washing with CH,Cl, and water and calcination at
300 °C. As depicted in Fig. 7, all samples could be
reused for five reaction cycles without great loss of
activity and selectivity, indicating their good stability
toward benzyl alcohol oxidation. More specifically,
Au/AlLO3; was the most stable among the set with no
significant loss of performance and selectivity after 5
cycles, followed by Au/TiO, with four runs of sta-
bility and Au/SiO,, which decreased its stability after
three cycles. ICP-OES analyses were performed and
showed no leaching of gold was detected after 5
catalytic cycles.

Conclusions

The deposition—precipitation method with urea was
used as a strategy to prepare small Au NPs which
were immobilized over three commercial oxides
(510,, TiO,, and Al,O3) without any previous modi-
fication/functionalization step and addition of any
capping/stabilizing agents. The Au NPs were uni-
formly deposited over the entire surface of the sup-
ports, displayed spherical-like shapes, and were
monodisperse in sizes. The SEM images of the NPs
suggested the synthesis process were highly efficient
since the sizes were reasonably similar among the
three catalysts synthesized. The materials produced
were successfully employed as heterogeneous cata-
lysts toward the green oxidation of benzyl alcohol.
We observed that the Au/AlLOj; catalyst presented a
high catalytic performance (TOF = 443,624 h™') with
0.08 mol% of gold loading under optimized condi-
tions. This behavior was associated with intrinsic
acidic nature of the support, which exceeded the
contribution of the number of surface sites in this
sample. However, for Au/TiO, and Au/SiO, cata-
lysts (supports with low acidities), the effect of the
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number of surface sites was the determinant factor in
the increase in the catalytic activity. Moreover, the
catalysts presented good stabilities without signifi-
cant loss of performance in 5 consecutive cycles. The
data obtained suggested the support interaction with
the Au NPs was the most effective feature for the
observed performances. The major limitation of the
catalysts was the need for thermal treatment from
one run to another. Such situation was observed for
the three catalysts and can be explained as a strong
adsorption of the substrate/products on the catalyst
surface which renders it impossible for the reaction to
proceed. Our results showed that a revisit on tradi-
tional synthesis may be important for the design of
novel catalysts with improved performances toward
chemical transformations under green conditions.
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