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We have prepared, by a sol-immobilization method, bimetallic catalysts with different Au:Pt 
atomic ratios supported on commercial SrCO3. The catalytic performance for the oxidation 
reaction of benzyl alcohol of such materials was compared to the monometallic counterparts, 
aiming at the obtaining of the best composition of the material. It was found that the Au:Pt atomic 
ratio presents a remarkable effect on the system performance, i.e., Pt-rich systems are more 
selective; however, less active. Thus, an equilibrium related to the activity and selectivity of the 
system was obtained by considering the yield of the system. Also, some density functional theory 
(DFT) insights were obtained by using a cluster of 14 atoms of Au and 1 or 2 atoms of Pt. X-ray 
photoelectron spectroscopy, elemental mapping in scanning transmission electron microscopy 
before and after catalyst usage, flame atomic absorption spectroscopy, Rietveld refinement, among 
other techniques, were used and associated to the experimental data, which allowed us to propose 
a catalytic mechanism for the system, which was important since SrCO3 has not been considered 
before as catalyst support for alcohol oxidation reactions. 
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Introduction

Optimizing bimetallic systems by exploring their 
electronic and structural effects is essential for the design 
of new and more efficient catalysts.1-3 Although Pt and 
Pd nanoparticles (NPs) were the first catalysts to present 
activity in oxidation reactions,4,5 their deactivation is a 
great issue, which is difficult to solve due to their easy 
overoxidation and poisoning from byproducts.6 When Au 
NPs were found to be very active and selective for oxidation 
reactions by Prati and co-workers,7-9 and more robust 
with respect to deactivation processes, their utilization 
dramatically increased. However, mixing Au NPs with Pt 
or Pd NPs have demonstrated the possibility of merging 

reproducible synthesis with structure-activity relationships, 
which presents advantages in terms of catalyst performance 
and stability.10-13 

The exceptional performance of bimetallic catalysts 
when compared to monometallic ones is not fully 
understood due to the possibility of different combinations 
among reactants, composition, and reaction conditions,14 
which usually provides only isolated applications. However, 
massive experimental data showed that alloying Au with Pt 
promotes a remarkable synergy in the oxidation of alcohols, 
which involves electronic changes that act on the strength 
of adsorbed species, suppressing poisoning;15 a feature 
highly desired for catalytic applications. Thus, several 
examples are demonstrated in the literature. An example 
was published by Tan et al.16 They have reported that non-
supported AuPt NPs exhibited improved electrochemical 
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performances when compared to the commercial Pt/C 
catalysts by preventing agglomeration, which impacted 
in the long-term stability of the material for the oxidation 
of methanol.

Due to economic issues, catalyst supports are aimed 
in heterogeneous catalysis. Nevertheless, beyond the 
separation requisite, the support choice is crucial for the 
rationalization of a novel material since it can strongly 
influence the performance of a catalyst regarding its activity 
and selectivity due to metal-support interactions.17 In the 
literature, AuPt bimetallic systems are observed to be 
immobilized on different supports, for several applications. 
Brett et al.18 have demonstrated that AuPt NPs supported on 
MgO and hydrotalcite produced glyceric acid from glycerol 
in a selectivity range of 73-78%. Also, Corma et al.19 have 
already long stated that earth metal oxides and hydroxides 
are important for base-catalyzed reactions, although they 
do not seem much explored in the literature. Our group has 
been working on the successful utilization of strontium-
based supports for the oxidation reaction of benzyl alcohol. 
We have been exploring the use of Sr(OH)2,20,21 which 
presented remarkable stability as catalyst support. Also, 
the material allowed the application of the catalyst without 
external base addition with noteworthy results. However, 
SrCO3 was not studied by us and, as far as we can tell, by 
others. The importance of its use is its direct application 
on the catalyst synthesis as the Sr(OH)2 obtaining requires 
a calcination step at very high temperatures (usually, close 
to 1100 °C or higher). In addition, just a few studies have 
been working on the AuPt atomic/molar ratio for selective 
oxidation of alcohols.22-24 Herein, we used benzyl alcohol 
oxidation as a model reaction since we are studying a 
new catalytic system. However, the selective oxidation 
of alcohols is highly important once the selectivity to the 
partially oxidized product is more difficult to obtain; thus, 
benzaldehyde is the desired product in our studies.

For the first time, commercial SrCO3 was selected as 
the support for bimetallic systems with different Au:Pt 
atomic ratios; the insertion of Pt atoms was studied for 
the selectivity improvement of the system, which showed 
to be highly efficient. We intended to present a stable and 
easy‑to‑synthesize material, which presented recyclability. 
The catalysts were used in the solvent-free oxidation of 
benzyl alcohol in the presence of K2CO3, and the best atomic 
ratio composition was selected. We started our studies by 
considering density functional theory (DFT) calculation 
insights that showed that highest occupied orbital-lowest 
unoccupied orbital (HOMO-LUMO) gap energies were 
favored by the addition of a second Pt atom on an Au 
cluster, which was experimentally proved beneficial for 
the performance of the catalyst. Thus, bearing in mind 

the yield of the system, we characterized a chosen system 
by X-ray photoelectron spectroscopy (XPS), elemental 
mapping in scanning transmission electron microscopy 
(STEM) before and after catalyst usage, flame atomic 
absorption spectroscopy (FAAS), and X-ray diffraction 
(XRD), among other techniques, which gave us subsidies, 
associated with the experimental data, to propose a catalyst 
mechanism for the system.

Experimental

Materials

All the materials used herein were of analytical grade 
(bought from Sigma-Aldrich, São Paulo, Brazil) and used 
as received, without further purification.

Catalyst preparation

The catalysts were synthesized by using a sol-
immobilization method described elsewhere, with some 
modifications.25 Considering that some different Au:Pt 
atomic ratios were used, the preparation of the Au14Pt2/SrCO3  
catalyst is explained here; however, using the same 
procedure and varying the Au:Pt ratio, the following 
catalysts were prepared: Au14Pt10, Au14Pt14, Au14Pt28, and 
Au14Pt42, individually supported in SrCO3. All the catalysts 
were produced to present 2.0 wt.% of metal on the support. 
In a typical procedure, 25 mL of an aqueous solution 
with 52.27 mg of gold(III) chloride (HAuCl4, 30  wt.% 
diluted in HCl, 99.99% trace metals) were mixed with 
25 mL of an aqueous solution with 1.84 mg of sodium 
tetrachloroplatinate(II) hydrate (Na2PtCl4∙xH2O, Pt 48%) 
under magnetic stirring. Then, 0.6 mL of a 2.0  wt.% 
aqueous solution of polyvinyl alcohol (PVA, 80%) was 
added to the solution, and the system was stirred for 
an additional time of 5 min. A freshly prepared sodium 
borohydride aqueous solution (14.0 mg diluted in 5 mL 
water) was added dropwise to the solution under stirring, 
which caused a changing color of the solution instantly. 
Before adding the support, the pH of the solution was 
adjusted to 3, by using a 5% aqueous solution of HCl. 
Then, 250 mg of the support was added to the sol previously 
prepared and stirred for 2 h. The suspension produced was 
centrifuged at 2500 rpm for 5 min, washed 2 times with 
deionized water and once with ethanol, and the catalyst 
was dried in an oven at 70 ºC for 12 h before storage in an 
amber bottle and placed in the desiccator. Monometallic 
counterparts, i.e., Au/SrCO3 and Pt/SrCO3, were prepared 
with a similar procedure; the amount of NPs was considered 
to provide 2.0 wt.% of metal on the support.
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Catalyst reactions

The oxidation reactions were performed in a 100 mL 
Fischer-Porter glass reactor at 100 ºC and 3 bar of O2, 
except when mentioned in the optimization procedures. 
In a typical reaction, 43.5 mg of the catalyst, 33.5 mg of 
K2CO3, and 0.5 mL of benzyl alcohol were added into 
the reactor. The reaction was performed for 2.5 h under 
magnetic stirring. To analyze the performance of the 
catalysts in this reaction, 10 µL of the final solution were 
collected and added to 1 mL of CH2Cl2 and analyzed by 
gas chromatography (GC). The injection in the equipment 
was performed by using 1 µL of the previously prepared 
solution. The products were analyzed by using a Shimadzu 
QP2010 GC equipment, with an rtx-wax capillary column 
and a flame ionization detector (FID). The GC mass balance 
was based on the substrate charged using p-xylene as an 
internal standard, and the peaks for product detection were 
based on the retention times of commercial standards. 
The retention times were: 5.2, 7.4, 10.4, and 12.1 min 
for benzaldehyde, benzyl alcohol, benzyl benzoate, and 
benzoic acid, respectively. The conversion, selectivity, 
and yield were calculated using the areas of the GC peaks, 
which were corrected using response factors obtained by 
calibration curves. Specifically:

Conversion:

	 (1)

where C(%) is the conversion, MS is the total moles of 
the substrate reacted and MS0 is the initial moles of the 
substrate.

Selectivity:

	 (2)

where S(%) is the selectivity, MPI is the moles of the 
product of interest and MAP is the moles of all the products.

Yield:

Y(%) = C × S	 (3)

where Y(%) is the yield, C is the conversion and S is the 
selectivity.

Catalyst characterization

The AuxPty/SrCO3 catalyst selected by the experimental 
data was characterized by STEM. The images of the 

as‑prepared and spent (after the 5th run) materials were 
obtained with an FEI Tecnai G2 F20 transmission electron 
microscope (Thermo Fisher Scientific, Massachusetts, 
USA) operating at 200 kV with an energy dispersive 
spectrometer (EDS). Energy-dispersive X-ray spectroscopy 
was recorded to obtain the element distribution maps. The 
samples for microscopy were prepared by drop-casting 
an isopropanol suspension of the materials over a grid 
comprised of carbon-coated copper, followed by drying 
under ambient conditions. The X-ray diffraction pattern 
(XRD) of the selected catalysts was recorded on an 
XRD‑6000 diffractometer (Shimadzu Corp, Kyoto, Japan) 
with Cu Kα radiation (1.5418 Å), operating at 40 kV and 
40 mA. The Rietveld refinement was performed using 
Rex 0.8.2 software.26 The XPS spectra were obtained with 
ECSA plus spectrometer system equipped with an EA 125 
hemispherical analyzer and XM  1000 monochromated 
X-ray source (Scientia Omicron, Uppsala, Sweden) in 
Al K (1486.7 eV). The source of XRD was used with 
a power of 280 W, as the spectrometer worked in a 
constant pass energy mode of 50 eV. The XPS spectra 
calibration for the charge accumulation was performed 
using C 1s peak ((binding energy (BE)  =  284.8 eV). 
The metal content (before and after the 5th run) was 
determined by FAAS, using an AA-6300 Atomic 
Absorption Spectrophotometer (Shimadzu Corp, Kyoto, 
Japan). The digestion procedure of the samples was 
performed using concentrated nitric and hydrochloric 
acids in the ratio of 1:3 (HNO3:HCl) at the heating of 
115 °C for 2 h. The parameters of the catalyst’s surface 
were determined by the Brunauer-Emmett-Teller method 
(BET) in a relative pressure range of 0.07 < P/Po < 0.3.  
The average pore diameter was determined by the 
Barret, Joyner and Halenda method (BJH). The gas 
chromatography analyses were carried out in a Shimadzu 
2010 Chromatograph (Shimadzu Corp, Kyoto, Japan) 
equipped with flame ionization detector (FID) and 
a Carbowax capillary column. The computational 
optimization was performed in density functional theory 
DFT/B3LYP,27-29 combining the basis set SDD,30 using 
the software Gaussian G09.31 In these calculations, the 
cubic gold unit cell was described as a cluster model 
consisting of 14 atoms (Au14). The space group Fm‑3m 
was used and acquired from CIF file obtained in COD 
Crystallography Open Database website.32-36 All the 
fully optimized geometries were characterized by 
vibrational frequency calculations, which showed only 
real frequencies. The HOMO-LUMO gap energy was 
obtained from optimized structures in vacuum conditions. 
All graphical representations of clusters were produced 
using the JP-minerals VESTA software, version 3.37
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Results and Discussion

Catalytic assessment of mono- and bimetallic catalysts, 
DFT calculation, and elemental mapping

Previously, some of us have demonstrated that 
strontium-based catalytic supports present remarkable 
effects on the oxidation of benzyl alcohol under O2 
pressure, an important feature not explored in the literature. 
However, we have observed that SrO is not stable under air 
conditions, which hampered its direct application; Sr(OH)2 
the phase obtained in higher amount when a calcination 
procedure was performed at 1100 °C and the material was 
cooled down to room temperature.20,21 Here, we decided 
to scrutinize the possibilities that other strontium phase 
would present. In that matter, commercial SrCO3 was 
a straightforward choice once it was one of the phases 
obtained before.20 In addition, SrCO3 is cheaper than 
many other materials largely used as support for catalytic 
applications, e.g., Al2O3, TiO2, and CeO2, and presents 
unique electronic properties,35 which can be beneficial to 
the activity and/or selectivity of catalysts. 

After the support choice, it is important to wisely 
select the metal(s) that will act as active species. Gold 
NPs are highly used for alcohol oxidations once it is 
believed that they are crucial for the substrate hydrogen 
abstraction.36 However, alloying Au NPs with other noble 
metals leads to an enhancement in the performance of 
the catalyst, a decrease in the deactivation process, and 
selectivity improvement.37 For that, once the efficiency is 
highly pursued, the atomic ratio of the metals is essential 
in terms of activity and product distribution, and Pt is a 
good candidate for catalyst performance improvement.38

To analyze the necessity of a second metal for the 
system, monometallic catalysts were prepared, Au/SrCO3 

and Pt/SrCO3, using the sol immobilization method with 
PVA as stabilizer and NaBH4 as reducing agent, and the 
results are displayed in Table 1. All yields and selectivity 
of reaction have been analyzed by gas chromatography.

The support itself did not present any activity (entry 1), 
while the monometallic catalysts slowly converted benzyl 
alcohol (1, Scheme 1, Table 1) without base addition; the 
Au/SrCO3 catalyst (entry 2) resulted in oxidation products 
without a specific selectivity - producing benzaldehyde (2), 
benzoic acid (3), and benzyl benzoate (4) - whereas Pt/SrCO3  

catalyst (entry 3) was observed as more selective, presenting 
a slightly higher chemoselectivity to the partially oxidized 
product. Its lower activity is expected since platinum-based 
catalysts undergo to the partial oxidation of the metal 
surface by O2 and present poisoning by strong chelating 
products.39 Such results showed that the intrinsic basicity 

the support holds is not enough for the reaction occurring 
at an acceptable rate, as we have observed before for the 
Sr(OH)2. Thus, K2CO3 was chosen as an external base for 
the maintenance of the hydrogen abstraction,36 favoring 
the desorption of intermediates, which would block active 
sites of the catalyst.40 

The Au/SrCO3 catalyst (entry 4) presented a noteworthy 
enhancement not only in the activity (74%) but also in 
the selectivity for benzaldehyde (2) (60%). Some of us 
have shown that a gold catalyst supported in basic support 
comprised of MgO covering MgFe2O4 presented similar 
selectivity, but a significantly lower conversion (51%).41 
Also, commercial supports with acidic characteristics were 
used before - SiO2, TiO2, and Al2O3 - and any similar activity 
was achieved.17 Also, Nozaki et al.42 prepared some alloys 
using Al, Ce, and Au for the oxidation of benzyl alcohol 
and obtained lower conversions than the obtained here. 
Therefore, metal-support interactions take place in this 
reaction system, and the adherence of metal on the structure 
may explain the observed differences.43,44 The Pt/SrCO3  
catalyst (entry 5) activity was not mostly affected by the 
presence of the base, although its selectivity presented some 
changing, producing more benzaldehyde (2). 

The data obtained suggested an important role of the 
support, apart from the importance of the K2CO3 addition; 

Table 1. Catalytic evaluation in the benzyl alcohol oxidation using 
monometallic catalystsa 

entry Catalyst Conversion / %
Selectivity / %

2 3 4

1 SrCO3 0 − − −

2 Au/SrCO3 6 44 9 47

3 Pt/SrCO3 1 58 − 42

4 Au/SrCO3
b 74 60 40 −

5 Pt/SrCO3
b 2.4 68 − 32

aReaction conditions: 1 (4.8 mmol), substrate:catalyst ratio = 1000, 
PO2 = 3 bar, time = 2.5 h; bAddition of 0.24 mmol of K2CO3.

Scheme 1. Oxidation of 1 (benzyl alcohol) to form 2 (benzaldehyde), 
3 (benzoic acid), and 4 (benzyl benzoate).
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thus, we have decided to produce a bimetallic system to 
explore the synergy between the support, Au, and Pt. For 
that, AuxPty/SrCO3 catalysts were prepared in different 
Au:Pt atomic ratios by the same procedure to obtain an 
efficient catalysis system. The atomic ratio was confirmed 
by FAAS.

The band-gap energy is the energy difference between 
the highest occupied orbital (HOMO) and the lowest 
unoccupied orbital (LUMO), which contains information 
about the frontier molecular orbitals in a crystalline material. 
Literature has been proposed that the HOMO‑LUMO gap 
(Egap) may be used as a descriptor of catalytic activity.45 

Thus, as an initial screening, analysis using DFT 
calculations with Au14Pt and Au14Pt2 clusters allow us to 
have some interesting insights since direct HOMO-LUMO 
gap (Egap) value estimations are obtained (Table 2). 

It is important to mention that Au14 structure was used as a 
unit cell to enable the Pt atoms position changes, which made 
possible the assessment of the energies. The insertion process 
of one Pt on the Au cluster surface presents a considerable 
reduction on the Egap of the system. In addition, the position 
of such atom insertion matters (Figure 1). When the Pt atom 
is positioned as in Figure 1B, there is a reduction of 0.88 eV, 
while when its position is changed, the reduction of Egap is 
0.61 eV (Figure 1C). It is expected that the same is obtained, 
i.e., other Pt insertion induces an Egap reduction. When the 
atoms are placed as in Figure 1D, the Egap does not seem to 
present a considerable reduction (0.62 eV), which suggests 
that the insertion of a new Pt atom is pointless. However, 
when the position is changed, a remarkable reduction is 
observed; 1.06 eV lower than the Egap of the bare gold cluster. 
Thus, the insertion of Pt atoms may be interesting to the 
reduction of the energy of the system, directly affecting its 
catalytic performance. Synthesis method does not allow 
us to have such control of atoms position, and the support 
effects need to be considered, we decided to test the best 
Au:Pt atomic ratio experimentally. 

Thus, we aimed to associate both metals in an attempt 
to obtain a better performance in terms of activity and 
selectivity. Figure 2 presents the catalytic activity in 
the solvent-free oxidation of benzyl alcohol using the 

as‑synthesized materials: Au14Pt2, Au14Pt10, Au14Pt14, Au14Pt28, 
and Au14Pt42, supported in SrCO3 (all the metal ratios were 
calculated to present 2% of uptake over the support). Under 
not optimized reaction conditions (100 °C, 2.5 h, 3 bar of O2, 
0.5 mL of alcohol, 0.24 mmol of K2CO3), we have observed 
that the increasing uptake of Pt has a noteworthy effect on 
the selectivity, i.e., more Pt, more selective is the system for 
benzaldehyde (2). In the other hand, the diminishing on the 
Au loading presents a decreasing activity, which is by the 
previously presented results for monometallic materials, 
once the activity for the Au-based material was acceptable, 
but the selectivity for the Pt-based system presented a higher 
production of benzaldehyde (2). Thus, we believe that the 
activity is not related to the Au concentration reduction, but 

Table 2. Egap calculated using DTF calculations

Energy / eV Au14 Au14Pt (a) Au14Pt (b) Au14Pt2 (a) Au14Pt2 (b)

LUMO −4.01 −4.61 −4.28 −4.75 −4.32

HOMO −5.73 −5.45 −5.39 −5.41 −5.42

Egap 1.72 0.84 1.11 0.66 1.10

LUMO: lowest unoccupied orbital; HOMO: highest occupied orbital; 
Egap: HOMO-LUMO gap.

Figure 1. Predicted structure of the interaction between gold and 
platinum atoms. (A) Au14; (B) Au14Pt (a); (C) Au14Pt (b); (D) Au14Pt2 (a); 
(E) Au14Pt2 (b).

Figure 2. Influence of Au:Pt atomic ratio on the performance of AuxPty/
SrCO3 catalysts for oxidation of benzyl alcohol with base addition. All the 
results are shown in selectivity to each product of the reaction.
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low activity can be associated with the covering of the Au 
atoms, leaving less active sites available for the catalysis. The 
tendency that Figure 2 shows is that the activity is directly 
related to the Au atoms exposed to the reaction medium; 
nevertheless, the selectivity is associated with the synergy 
between Au and Pt atoms. 

One can notice that the balance between selectivity 
and activity was obtained in the Au14Pt2 system since it 
achieved a higher yield. This result is quite interesting 
since Villa et  al.,24 using TiO2 as support, observed the 
highest activity of a set of catalysts with a similar Au:Pt 
configuration, suggesting that gold-platinum systems are 
ruled more by the metal composition, however with some 
degree of support interactions, once the catalyst area 
(4.6 m2 g-1) and pore diameter (233.4 Å) of our system is 
not significant to explain such results. 

To shed some light on the performance featured, 
mapping in STEM mode was analyzed since it enables 
direct visualization of the compositional characteristic of 
the catalyst comprised of Au:Pt atomic ratio of Au14Pt2. 
Figure  3A presents the catalyst in the spectrum image 
scanning, while Figures 3B and C illustrate the STEM‑EDS 
images for the as-synthesized catalyst for Au and Pt. 
Figure 3B displays that the catalyst presents Au-rich areas, 
while some NPs are spread all over the support. The same 
is observed in the Pt mapping (Figure 3C). Apparently, the 
metals are always overlapped with each other, suggesting the 
formation of an AuPt alloy, corroborating the discussion on 
the gold covering by the Pt atoms. However, Wanjala et al.46 

claim that that nanoscale alloying of phase segregation of 
AuPt nanoparticles can be completely confirmed by just 
associating massive experimental data and theoretical studies; 
thus, several configurations of the metals are possible, going 
though alloyed, partially alloyed/partially phase-segregated, 
or completely phase-segregated bimetallic NPs.

Rietveld refinement, XPS, and mechanism insights

The phase composition and chemical state of the 
metallic species were analyzed employing XRD and 

XPS. Once we aimed to bring some mechanistic insights, 
the knowledge of the specific system under consideration 
is highly important. Figure 4 displays the XRD pattern 
of Au14Pt2/SrCO3 catalyst. The diffraction pattern was 
indexed to only one crystalline phase: orthorhombic SrCO3 
(ICSD 15195). The data were refined by using the Rietveld 
method to ensure the information on the purity of the 
crystalline phase and the refined unit cell parameters for 
the SrCO3 phase, with space group Pmcn, were found to 
be a = 5.09 Å, b = 8.37 Å and c = 6.02 Å. 

The low concentration of metal NPs hindered their 
observation by using XRD; thus, XPS measurements were 
performed. The survey scan of the material (Figure 5A) 
revealed the presence of Au, Pt, Sr, O, and C, as expected. 
However, Cl was also observed, which is from vestiges 
of the metals salt precursors. Figures 5B-5C show the 
deconvolution of the high-resolution Au 4f, with binding 
energies suggesting Au0 species (Au 4f7/2 = 83.5 eV; 
Au 4f5/2 = 87.2 eV), and Pt 4f binding energies suggesting 
Pt2+ (Pt 4f5/2 = 74.2 eV) and Pt0 (Pt 4f7/2 = 70.94). Electronic 
interactions between the Pt and Au within the particles are 
responsible for the values herein presented. Moreover, the 

Figure 3. The morphology of the as-prepared Au14Pt2/SrCO3 catalyst in the spectrum image scanning (A) and the STEM-EDS elemental map images of 
Au, Pt, Sr, and O (B, C, D, E, respectively).

Figure 4. X-ray diffraction patterns Au14Pt2/SrCO3 catalyst.
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catalyst showed the existence of Pt2+ species because the 
surfaces of Pt particles might have been oxidized during the 
preparation process. The lower intensity of the Pt 4f peak 
as compared to the Au 4f peak is in accordance with the 
lower concentration of Pt on the catalyst support. 

Based on the experimental data presented, we can 
comment on the reaction mechanism for benzaldehyde 
production once it seemed that the increasing amount of 
Pt atoms directly affect the production of this partially 
oxidized product (Figure 6). The mechanism illustrates 
that the reaction proceeds with the synergy between 
the Au and Pt NPs. In the first step (I), benzyl alcohol 
interacts with Au atoms, while the base (B–) promotes 
the abstraction of the proton from the substrate. Then, an 
alkoxide intermediate (II) is formed, which goes through 
coordination with Pt atoms to form an unstable metal–H 

bond (metal-alcoholate). The intermediate suffers β-hydride 
elimination, releasing benzaldehyde, and forming metal-
hydride species (III). Molecular oxygen is activated in the 
electron-rich surface of the metals and removes the H from 
the alloy surface, restoring the catalyst.

Influence of the reaction conditions on the oxidation reaction

After the choice of catalyst composition (Au14Pt2/SrCO3) 
and the association of the physical-chemical parameters 
with the experimental data obtained, optimization 
conditions were pursued in order to improve the catalytic 
performance of the catalyst; specifically, the temperature 
and pressure. We have decided not to change the base 
addition, once it would lead to a higher selectivity to 
benzoic acid, which was not the desired product.

Figure 5. XPS analysis. (A) Survey; (B) Au 4f; (C) Pt 4f.

Figure 6. Possible mechanism pathway for the formation of benzaldehyde. 
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A temperature screening was performed from 80 to 
120 °C (Table 3). One can notice that the catalyst presented 
a significant conversion even at 80 °C (entry 6), albeit with 
low selectivity for benzaldehyde. From 90 to 100 °C (entries 
7 and 8), an increase in the conversion and selectivity were 
obtained. Using 110 °C as the system temperature (entry 9), 
the selectivity to the partially oxidized product was directly 
affected, producing more benzoic acid that at 100 °C. At 
120 °C, the selectivity to benzoic acid was maintained; 
however, part of the benzaldehyde was converted to benzyl 
benzoate. Thus, it is clear that the selectivity of the system 
is adversely affected by the temperature increase. The best 
condition regarding temperature was 100 °C. 

Interesting, the pressure also presents an effect on the 
performance of the catalyst (Table 4), which is in accordance 
with the proposed mechanism. As stated, the O2 is important 
to the catalyst restoring, after the benzaldehyde formation. 
However, we are driven to believe that an increase in the 
pressure promotes the full oxidation of the substrate, which 
is expected. Thus, 1 bar (entry 11) is the best condition 
for benzaldehyde formation. Any pressure augmentation 
(entries 12-14) causes a diminishing on the selectivity to 
benzaldehyde, producing more benzoic acid. This tendency 
was clear, being the reason why higher pressures were not 
tested. Considering the overall performance of the catalyst, 
the yield is higher with PO2 = 3 bar, which was the pressure 
used in the recycling experiments.

Recycling tests

After the previous experiments, we realized the best 
conditions were 100 °C, 3 bar of O2, and 0.24 mmol 
of K2CO3. Therefore, recycling tests were performed 
(Figure  7). The Au14Pt2/SrCO3 was able to maintain its 
performance (activity and selectivity) up to 5 runs, without 
metal leaching (confirmed by FAAS), i.e., the uptake of 
2.0 wt.% was maintained. 

Also, the STEM-EDS images for the catalyst after the 
5th run showed great similarity to the distribution of Au and 
Pt presented for the as-synthesized catalyst, suggesting the 
possibility of more runs (Figure 8). 

Conclusions

Au-Pt NPs stabilized with PVA in an aqueous solution 
were impregnated on strontium carbonate for the solvent-
free oxidation of benzyl alcohol. The application of 
strontium-based materials as support for the oxidation of 
alcohols is not properly explored in the literature; thus, 
our group has been working on that. We have proposed 
that the support presents an important role in the activity 
of the catalyst due to metal-support interactions; however, 
the Au-Pt composition was crucial for the selectivity of the 
system. More Pt is added in the final composition of the 
catalyst, more selective is the catalyst, although the activity 
is compromised. Bearing this in mind and based on a bunch 
of experimental data that includes catalytic assays and 
physical-chemical analyses that allowed us to specifically 
know the material characteristics, we have brought some 
insights on the mechanism of the bimetallic catalyst. 

Table 3. Catalytic evaluation in the benzyl alcohol oxidation using the 
Au14Pt2/SrCO3 catalyst with different temperatures

entry Temperature / °C Conversion / %
Selectivity / %

2 3 4 

6 80 47 61 36 3

7 90 71 63 35 2

8 100 92 72 26 2

9 110 94 62 36 2

10 120 98 50 37 13

Reaction conditions: 1 (4.8 mmol), substrate:catalyst ratio = 1000, 
PO2

 = 3 bar, time = 2.5 h.

Table 4. Catalytic evaluation in the benzyl alcohol oxidation using the 
Au14Pt2/SrCO3 catalyst with different pressure

entry Pressure / bar Conversion / %
Selectivity / %

2 3 4 

11 1 80 79 20 1

12 2 86 77 23 −

13 3 92 72 26 2

14 4 94 67 33 −

Reaction conditions: 1 (4.8 mmol), substrate:catalyst ratio = 1000, 
temperature = 100 °C, time = 2.5 h.

Figure 7. Recycling tests for the Au14Pt2/SrCO3 catalyst in benzyl alcohol 
under optimized reaction conditions.
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Considering the yield of the system, the Au14Pt2/SrCO3  
seemed to be the best composition choice. After ensuring 
the system was being used in its best conditions, we 
performed recycling experiments that showed the catalyst 
maintained its performance up to 5 runs without changing 
its physical characteristics, with no leaching, and with the 
possibility of more runs.
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