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Abstract
It is known that the oxidative reactions of alcohols are sensitive to the characteristics of the catalyst, in such a way that the 
properties of the support are as important as those of the metallic phase. We consider the functionalization of support as a 
strategy to improve the catalytic performance in these reactions. We investigated the influence of the modification of the Si/
Ti ratio of the  TiO2@SBA-15 support (RSi/Ti = 75, 50 and 25) on the catalytic performance of the synthesized materials: 
Me/SBA-15, Me/TiO2@SBA-15 (Me = AuNPs or AuPdNPs). The techniques of XRD, adsorption, and desorption of  N2, 
ICP-OES, XPS, SEM, and TEM were used for characterization. The structure of the SBA-15 was maintained in all sup-
ports and catalysts and a significant reduction in particle size was observed in the modified support S25 (AuPd/SBA-15: 
18.96 ± 12.48 nm; AuPd/S25 (RSi/Ti = 25): 3.14 ± 0.85 nm). All Au and AuPd catalysts performed well, showing activi-
ties > 53% in 2.5 h. However, bimetallic catalysts achieved greater prominence, reaching activities of 20 to 90% and selectiv-
ity > 90% for benzaldehyde in 0.5 h. Among them, the AuPd/S25 catalyst stood out with significant activity and selectivity 
(90%), in addition to good stability in successive reuse experiments.

Graphic Abstract
The  TiO2@SBA-15 support allows the synthesis of potentially active AuPd catalysts in aerobic oxidation of benzyl alcohol 
under base-free conditions and solvents.
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1 Introduction

The oxidation of alcohols to their corresponding carbox-
ylic acids and ketones is essential in synthetic organic 
chemistry [1–3]. The widespread use of these compounds 
as intermediates in the synthesis of products characteristic 
of fine chemistry (pharmaceuticals, food, and cosmetics) 
adds considerable economic value to them, increasing the 
industrial interest in high-efficiency processes.

Classic methods, based on potentially strong stoichio-
metric oxidants such as chromates and permanganates, 
provide high yields. However, the toxicity of the by-prod-
ucts and the risks offered during the processes evidenced 
the need for safer and environmentally acceptable meth-
odologies, as guided by the principles of Green Chemistry 
proposed by Anastas and Kirchhoff [4].

Green Chemistry has a scope essentially based on safer 
processes and waste reduction. It is based on the efficient 
use of raw materials, preferably renewable, that reduce or 
eliminate residues and the use of toxic or dangerous rea-
gents and solvents in their production and application [4, 
5]. In the context of alcohol oxidation, catalysis presents 
itself as one of the essential tools for implementing Green 
Chemistry principles. It allows the use of less aggressive 
oxidants such as molecular oxygen and hydrogen peroxide, 
which produces only water as a byproduct [6, 7].

The combination of transition metals with molecular 
oxygen represents an alternative to standard oxidation 
processes. Heterogeneous catalysts based on supported 
Au and AuPd nanoparticles, for example, are active and 
selective in these processes and has been already well 
reported in the literature [8–11]. In Au’s case, the process 
requires the addition of a base as a co-catalyst allowing the 
achievement of high activities. Although the base elevates 
the Au catalytic potential, its corrosive properties, and the 
residues generated in the processes negatively impact the 
industrial and environmental scope. It makes its use a limi-
tation to the oxidation of alcohol [11–14].

AuPd bimetallic systems are more effective and fas-
cinating since the synergism between metals overcomes 
these limitations and favors the metal-substrate interac-
tion. These characteristics, combined with the support and 
the metal-support interaction properties, are considered 
determinant aspects of the catalytic potential of the mate-
rial in the reaction, exhibiting significant effects, espe-
cially on selectivity.

Catalytic processes occur essentially on the catalyst’s 
surface through simultaneous interactions of adsorption 
and desorption of reagents and products. In this aspect, in 
porous catalytic systems, the reagents’ molecules diffuse 
through the pores to reach the entire surface. Whereas the 
molecules of the formed products need to leave, making 

the active sites available for new adsorption. This mass 
transfer process depends heavily on the size, shape, and 
distribution of the material’s pores [15]. Therefore, it is 
notable that porous catalysts tend to perform their activ-
ity better. In this context, SBA-15 mesoporous silica is 
attractive support due to its high specific surface area, 
wall thickness and adjusts orderly and well-defined pores. 
What motivates this study to strongly consider its use in 
the aerobic oxidation reactions of solvent-free and base 
benzyl alcohol [2, 16–21].

The low isoelectric point (IP) of silica (~ 2) confers some 
limitations to traditional synthesis methods, motivating stud-
ies to investigate and propose modifications of this material 
from the incorporation of transition metal oxides [20]. In 
a more recent study, Moreno-Martell et al. [21] reinforce 
the modification of SBA-15 as an alternative to change its 
isoelectric point, as well as other properties, enabling the 
incorporation of metallic nanoparticles by the traditional 
deposition–precipitation with urea method (DPU).

Among the proposals,  TiO2 and  CeO2 stand out for being 
reducible oxides capable of stabilizing metallic nanoparti-
cles, storing and activating oxygen during the oxidation 
reactions, and providing high mobility to oxygen in the net-
work [21–23]. Besides, the incorporation of  TiO2 promotes 
the addition of Brønsted acid-type active sites to SBA-15, 
inert support, free from active sites, whether acidic or basic 
[14, 23]. The characteristics mentioned make it possible for 
the  TiO2/SBA-15 mesoporous material to directly partici-
pate in the reaction mechanism of oxidation, improving the 
catalyst’s performance in the process [21].

Based on that, the present study reports the synthesis of 
heterogeneous catalysts by the DPU method, composed of 
AuNPs and AuPdNPs supported on SBA-15 and  TiO2/SBA-
15. The effects of the functionalization of the support were 
investigated, both in the structural, morphological, and tex-
tural properties and in the synthesized materials’ catalytic 
performance.

2  Experimental Section

2.1  Materials

All chemicals used in the experiments were of analyti-
cal grade and were purchased commercially from Sigma-
Aldrich, and no further purification was performed.

2.2  Synthesis of Supports

Mesoporous silicas of the SBA-15 type are commonly pro-
duced using the hydrothermal synthesis method, which may 
have some variations based on the procedure reported by 
Zhao et al. [24]. The procedure takes place in four stages: 
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(i) dissolution of the polymer; (ii) adding the silica source; 
(iii) aging; and (iv) heat treatment of drying and calcination. 
In the present study, we have been using the methodology 
reported by Araújo et al. [25], which reports both the syn-
thesis of SBA-15 and SBA-15 modified with  TiO2  (TiO2/
SBA-15). The synthesis of  TiO2 nanocrystals in the form of 
colloidal suspension was later added to the synthesis of the 
SBA-15 matrix using in situ anchoring (ISA). The molar 
relations Si/Ti(RSi/Ti = 75, 50, and 25) proposed in that 
work were also maintained.

2.3  Synthesis of Catalysts

Au and AuPd catalysts supported on SBA-15 and  TiO2/SBA-
15 (R Si/Ti = 75, 50, and 25) were synthesized by the DPU 
method, according to the procedure described below. In a 
round-bottom flask, 500 mg of support was added, followed 
by 50 ml of deionized water. The suspension was stirred 
at 800 rpm to disperse the support. Then, urea (99%) was 
added in a molar ratio of 100 to the metal [26–29]. After 
5 min under constant agitation, the volume of a metal precur-
sors solution corresponding to the metallic load of 2% (m/m) 
on the support was added. For this,  HAuCl4⋅3H2O (30%) 
and  PdCl2 (99.9%) solutions were used in the concentration 
of 2.0 mmol.L−1. We use a molar ratio of 1:2 (Au:Pd) for 
bimetallic catalysts, keeping the total metallic load about 2% 
of the support. The system was kept constant agitation and 
gradual heating to 95 °C; the temperature was kept constant 
for 6 h. The obtained solids were separated by centrifugation 
and washed thoroughly with deionized water to remove the 
chloride ions. The materials were dried in the presence of 
air for 24 h at 100 °C; then they were calcined at 400 °C for 
6 h, under airflow with a heating rate of 10 °C  min−1. Au, 
Pd, and AuPd catalysts supported on a  TiO2 were also syn-
thesized to compare with the literature and other catalysts. 
All synthesized materials were coded according to their 
composition. The modified supports were named S75, S50, 
and S25, according to the molar ratio Si/Ti: 75, 50, and 25, 
respectively. The catalysts, in turn, were coded according to 
the general representation: metal/support.

2.4  Oxidation of Benzyl Alcohol

The catalysts’ performance was verified using the oxida-
tion of benzyl alcohol as a reaction model, which were car-
ried out in a Fisher-Porter glass reactor with a capacity of 
100 mL. The reactions were carried out on a magnetic stirrer 
coupled to a heated plate with temperature control. In a typi-
cal reaction, 1 ml (9.6 mmol) of benzyl alcohol and 28.5 mg 
(2% by weight of metal) of catalyst were added to the glass 
tube. For the tests with Au catalysts, the alkaline salt  K2CO3 
(99.95%) was added in a molar ratio of 80.5 (salt: metal) [30, 
31]. The system containing the mixture was closed, purged, 

and fed with oxygen gas up to a pressure of 4 bar. Then, it 
was kept under heating (100 °C) and constant stirring for 
2.5 h. After the determined time, the system was cooled, 
depressurized and the catalyst recovered by centrifugation. 
After separation, 20 μL of the reaction solution was diluted 
in 1 mL of methylene chloride  (CH2Cl2) to determine the 
oxidation product’s yields by gas chromatography (GC). The 
analyzes were performed using a GC-2010 Plus equipment 
(Shimadzu, Kyoto, Japan) equipped with a Carbowax capil-
lary column and operating under conditions optimized to 
detect benzyl alcohol oxidation products (P-Xylene stand-
ard). The activity of the catalyst was measured by testing the 
conversion of benzyl alcohol and selectivity. 

For the reuse test, the AuPd/S25 catalyst was subjected to 
successive reaction cycles. In each cycle, the reaction, cen-
trifugation, removal of the reaction liquid, and the replace-
ment of benzyl alcohol steps were performed. There were 
no washing steps between cycles.

2.5  Characterization of Materials

The structural aspects of the synthesized supports and cata-
lysts were investigated by X-ray diffraction (XRD) using a 
Bruker D8 Advance diffractometer (Bruker AXS Gm6H, 
Karlsruhe, Germany) with CuKα radiation (λ = 1.5406 nm). 
Data analysis was performed using the Rex 0.8.2 software 
[32] and was based only on identifying the phases present in 
the materials since the Rietveld refinement was disregarded 
due to the amorphous nature of  SiO2. The textural proper-
ties were verified by the  N2 adsorption and desorption tech-
nique using ASAP-2420 equipment (Micromeritics, USA). 
For each analysis, an average of 93 mg of each previously 
degassed sample was used. The adsorption isotherms were 
obtained in a relative pressure range of 0.01 to 0.99 at a tem-
perature of −196.15 °C. The surface areas were estimated 
by the Brunauer–Emmett–Teller (BET) method and the pore 
volume distribution by the Barrett–Joyner–Halenda (BJH) 
method desorption branch of the isotherms. The catalysts’ 
structural and morphological properties were verified using 
the scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) techniques. SEM images were 
obtained using a Quanta 200F FEG microscope and TEM 
images using a MORGAGNI 268D microscope (operating at 
100 kV). For the TEM analysis, colloidal suspensions of the 
materials were prepared with isopropanol. The samples were 
deposited on a carbon-coated copper grid and dried under 
ambient conditions. The images obtained were analyzed 
with the aid of the ImageJ 1.52 software [33]. The average 
particle size and size distribution were verified consider-
ing 115 particles (average) for the AuPd/SBA-15 and AuPd/
S25 materials and about 60 particles for the AuPd/S25 (R5) 
material. The pore size estimate was made in the same way, 
considering an average of 60 pores for the materials AuPd/
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SBA-15 and AuPd/S25. The catalytic materials’ elemen-
tary quantitative analysis was carried out in an inductively 
coupled plasma optical emission spectrometer (ICP-OES 
Radial) model Arcos (Spectro, Germany). The samples 
were prepared by the digestion procedure using nitric acid 
and hydrochloric acid in the proportion of 1:3  (HNO3: HCl) 
under heating at 100 °C for 2 h. For each sample, 14 mg of 
catalyst were used. The surface chemical composition was 
verified by X-ray excited photoelectron spectroscopy (XPS) 
using a Scienta Omicron ESCA + spectrometer (Uppsala, 
Sweden) equipped with an EA 125 hemispherical analyzer 
and an XM 1000 monochrome X-ray source (Al Kα, 1486, 
7 eV). Data processing was performed using the Casa XPS® 
software. TA previous calibration of the spectra based on 
the C1s peak (BE = 284.8 eV) was performed to correct the 
charge accumulation. The peaks’ adjustment was performed 
by applying Shirley-type background correction and then 
applying combined Gaussian and Lorentzian curves. For the 
quantitative analysis, the  Nx atomic fractions of the interest 
elements were calculated from Eq. 1 [34, 35]. The operation 
was performed considering the correction of the areas  (Ax) 
of the corresponding photoelectric peaks by applying the 
cross-section values (σx) calculated by Scofield [36].

3  Results and Discussion

3.1  Supports and Catalysts Characterization

For all samples (Fig. 1a), the patterns obtained exhibited 
three well-defined low-angle peaks located approximately 
0.90°, 1.55°, and 1.80° (2θ). The signals can be attributed to 
the reflections (100), (110), and (200), which are compatible 
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with the characteristic peaks of the hexagonal 2D ordering 
of cylindrical pores (symmetry P6mm). It indicates a well-
ordered and defined mesoporous structure typical of materi-
als of the type SBA-15 [24, 37].

Small displacements for lower value angles are observed 
in the modified support peaks to the SBA-15 matrix. These 
shifts indicate that the mesoporous parameters (α0) increase 
concerning the matrix parameters (Table S1), which can be 
attributed to the incorporation of  TiO2 nanocrystals in the 
pure matrix [25]. The same displacement profile is observed 
in the catalysts’ peaks, but the variations also occur con-
cerning the respective supports. Therefore, similarly, this 
variation may be due to the impregnation of metallic nano-
particles [25].

In a medium angle, the XRD patterns showed for all sup-
ports (Fig. 1b) and catalysts (Fig. 1c) an intense and broad 
peak between 15° and 30° (2θ), very characteristic of the 
amorphous silica that constitutes SBA-15. Among the sup-
ports and catalysts that contain  TiO2, only the patterns of the 
S25 support and the AuPd/S25 catalyst showed diffraction 
peaks corresponding to the reflections of the  TiO2 anatase 
phase planes (ICSD: 154602), confirming the presence of 
nanocrystals. The absence of these peaks in the patterns of 
other materials containing  TiO2 (S50, S75, AuPd/50, and 
AuPd/75) can be attributed to the low concentration of crys-
tals SBA-15 matrix.

At a medium angle, the diffractograms of the catalysts 
(Fig. 1c) exhibit peaks consistent with the metallic phase 
of Au, more specifically with the reflections of the planes 
(111), (002), and (022) (ICSD: 44362). Peaks correspond-
ing to the Pd metallic phase planes’ reflections are not 
noticed in the crystallographic profiles of the catalysts. 
The signs are commonly displayed at around 39°, 45°, and 
66° (2θ), according to the crystallographic record (ICSD: 
64914) indicated in Fig. 1c. However, the absence of these 
peaks does not exclude the presence of Pd in the samples. 
Factors such as low concentration, small particle size, and 
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displacement due to the formation of metallic alloy with 
Au can contribute to a low definition of the corresponding 
peaks [38]. Besides, the ICP-OES and XPS techniques, 
which will be discussed later, clearly demonstrate Pd is 
presence in the addressed catalysts.

The isotherms of the supports and catalysts (Fig. 2) 
exhibit a characteristic profile of type IV isotherm (a) with 
an H1 type hysteresis loop [39]. Type IV (a) isotherms are 
typical of mesoporous materials with pores more massive 
than 4 nm, and the H1 type hysteresis loop is commonly 
found in materials that exhibit a narrow band of uniform 
cylindrical mesopores [21, 39, 40]. Both characteristics are 
according to the structure proposed by the diffractograms.

As expected, all synthesized substrates had a high 
specific surface area and high pore volume (Table S1). 
However, the values displayed by the supports containing 
 TiO2 were higher concerning the SBA-15. The observed 
increase can be attributed to the homogeneous distribution 
of the formed nanocrystals [25]. Especially the increase in 
the specific surface area, which may be due to the increase 

in the roughness of the mesoporous walls due to the pres-
ence of  TiO2 nanocrystals [41].

As for the average pore diameter (Table S1), it is observed 
that there are no significant variations concerning SBA-15, 
suggesting the presence of  TiO2 nanocrystals on the walls of 
the SBA-15 matrix and that they do not obstruct the pores of 
the material. The results also show an increase in the modi-
fied materials’ wall thickness, especially for the S25, indicat-
ing slightly higher hydrothermal stability and mechanical 
resistance compared to the others [20].

Mesoporous parameters (α0) are calculated from infor-
mation obtained in X-ray patterns and adsorption iso-
therms. The reflections observed in the diffractograms of 
porous materials at low angles are due to the difference 
in the electronic density between the pore walls and the 
empty spaces of the channels [42]. When incorporating 
particles in the mesoporous matrix occurs, the electronic 
density and in these spaces have interfered. This interfer-
ence results in the displacement of the peaks to 2θ angles 
with smaller values and an increase in mesoporous param-
eters [25]. Peak shifts were confirmed by diffractograms 
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(Fig. 1a), and the values are shown in Table S1. Subtle 
increases were observed for the modified supports (S75, 
S50, and S25). The XRD results concerning peak displace-
ment were observed in all catalysts, including those with 
 TiO2. This behavior was observed by the increase in the 
values of the mesoporous parameter compared to the cor-
responding supports’ values.

The deposition of metals in the supports resulted in a 
marked reduction in the specific surface area and an increase 
in the average pore diameter. Both variations may be due to 
the agglomeration of metallic nanoparticles on the surface or 
in the silica mesopores, causing pore obstruction and the for-
mation of interstitial pores. We believe that the interstices’ 
presence interferes with the pore diameter calculation, justi-
fying the increase in values and the broad size distributions 
observed in Figure S1.

In general, the data presented in Table S1 show that the 
addition of  TiO2 nanocrystals contributes to improving the 
textural properties of modified supports concerning SBA-15. 
As already mentioned, these properties can directly affect 
the catalytic performance of the materials. Therefore, the 
improvements presented in the properties suggest improve-
ments in the catalysts’ performance due to the addition of 
 TiO2.

Despite the advantages offered by the properties of 
SBA-15, studies report some limitations in the synthesis 
of catalysts by the most common methods and associate 
them mainly with the inert nature of  SiO2 [20, 43]. Thus, 
we verified the degree of deposition of the metallic content 
on the SBA-15 and S25 supports, which have a higher  TiO2 
content.

The freshly prepared catalysts (AuPd/SBA-15 and AuPd/
S25) were subjected to ICP-OES analysis to quantify the 
deposited metals. The results obtained (Table 1) indicate that 
the DPU procedure did not provide a complete metal depo-
sition. However, the metallic content was satisfactory and 
expressive in both catalysts. The analysis also verified the 
real proportion of the metals and the individual quantities 
deposited, calculated according to the amount of precursor 
provided in the synthesis.

The results revealed a slightly higher metallic content for 
the AuPd/S25 catalyst and that this increase is mainly due 
to the more significant Au deposition compared to SBA-15. 
The greater deposition in the modified support can be related 
to improving the interaction of metals with the support sur-
face. Since the low isoelectric point of the silica (~ 2) makes 
the surface negatively charged in an alkaline medium and 
does not favor metal ions’ adsorption by the DPU method. 
It is, therefore, assumed that the addition of  TiO2 nanocrys-
tals (PCZ ~ 6) increased the isoelectric point, promoting an 
improvement in ion adsorption [18, 21, 44, 45].

The newly prepared AuPd/SBA-15 and AuPd/S25 cata-
lysts showed higher Au:Pd ratio values than the expected 
theoretical value, suggesting that the deposition was more 
effective for Au than for Pd. This characteristic is very well 
evidenced by the percentage of individual deposition, which 
indicates a more significant deposition of Au in both materi-
als. The values suggest that  TiO2 favors the Au deposition 
mechanism and that the Pd deposition does not seem to be 
significantly influenced. Given these considerations, the 
mechanisms of deposition of Au and Pd in the supports may 
be different or competitive. Thus, Pd’s incomplete deposi-
tion may be due to some factor to be adjusted in the synthe-
sis, requiring more targeted studies.

The composition of the AuPd/S25 catalyst after reuse was 
also verified. The results show a lower metal content con-
cerning the freshly prepared material, indicating leaching 
of some metals during the cycles. The sharp increase in the 
Au:Pd ratio indicates a more marked loss of Pd. This loss 
was confirmed by the amount of Pd (28%) and Au (0.4%) 
lost after reuse.

The morphological properties of the supports and cata-
lysts were investigated by SEM and TEM. The images of 
the AuPd/SBA-15 and AuPd/S25 catalysts obtained by SEM 
(Figure S2A and Figure S2B) indicate that the supports are 
arranged in the form of short rods, demonstrating consist-
ency with the literature [46, 47]. Besides, in both images, 
particles can be observed on the surface of the supports. 
Some particles are shown in Figure S2A show to be slightly 
larger than the particles shown in Figure S2B, probably due 

Table 1  Quantification of the 
metallic composition of the 
newly prepared AuPd/SBA-15 
and AuPd/S25 catalysts

a Clean catalysts
b Reused catalyst 
c Values calculated concerning the clean catalyst from the expression: 
Loss (%) =

(

1 −
(%Me×Metal Content)[b]

(%Me×Metal Content)[a]

)

× 100

Catalyst Metal content
(wt%)

Ratio 
Au/Pd
(mol/mol)

Composition Deposition Loss

%Au %Pd %Au %Pd %Au %Pd

Theoretical value 2.00 0.50 48.00 52.00 – – – –
AuPd/SBA-15a 1.43 0.68 55.91 44.09 82.90 60.62 – –
AuPd/S25a 1.52 0.86 61.56 38.44 97.14 56.91 – –
AuPd/S25(R)b 1.35 1.20 68.89 31.11 – – 0.39c 27.97c
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to smaller particles’ agglomeration. This condition is evi-
denced in the TEM images shown in Fig. 3.

TEM images (Figure S3) allow a more detailed visualiza-
tion of the material and illustrate the mesopores in the form 
of long cylindrical channels and their hexagonal ordering, 
maintained in the catalysts. From the TEM images, it is also 
possible to confirm the presence of  TiO2 nanocrystals as a 
support modifier. As Figure S3B illustrates, small particles 
are displayed scattered over the matrix, while in Figure S3A 
no particles are observed. Similar results were obtained by 
Araújo et al. [25], confirming that the particles observed 
in the support are  TiO2 nanocrystals. Such observations 
demonstrate coherence with the diffractograms previously 
discussed.

The average pore diameter was also estimated from the 
TEM images and is according to the values suggested by 
the adsorption isotherms. The average diameters obtained 
were 6.8 and 7.2 nm for the AuPd/SBA-15 and AuPd/S25 
catalysts, respectively.

The images revealed the existence of relatively large 
nanoparticles in AuPd/SBA-15 (Fig. 3a) and with a wide 
distribution of diameters (18.96  ±  12.48 nm), conuring a 
lack of uniformity in sizes, probably due to the agglom-
eration of smaller particles. In contrast, significantly small 
and dispersed nanoparticles were displayed in AuPd/
S25 (Fig. 3b), where the narrow distribution of diameters 
(3.14  ±  0.85 nm) demonstrates the formation of particles 
with good uniformity. In a recent study, Rodríguez-Gómez 
et al. [38] report similar results for AuPd nanoparticles sup-
ported on SBA-15 and functionalized SBA-15, including 
highlighting a wider distribution for particles supported on 
SBA-15.

It is assumed that the particle agglomerations observed in 
the AuPd/SBA-15 catalyst are due to the weak interactions 

between the metals and the support surface. As the inter-
actions are weak, an occasional migration from smaller 
particles to larger particles may occur when the catalyst is 
subjected to heat treatments, mainly calcination [48]. In this 
context, the broad particle size distribution and its low dis-
persion can also be justified.

The narrow particle size distribution displayed on the 
AuPd/S25 catalyst suggests stronger interactions between 
the metals and the modified support. The stronger interac-
tions indicate that the functionalization of SBA-15 with  TiO2 
favors the dispersion of stabilized nanoparticles, allowing 
their formation in tiny sizes. This observation is in line with 
the proposal by Peza-Ladesma et al. [20] and Kučerová et al. 
[45]. Also, the improvements achieved with the modifica-
tion of the support can be associated with factors such as the 
increase in acidity given to the material, a property that can 
contribute to the better dispersion of the particles [17], and 
the ability of  TiO2 to induce electronic effects that improve 
thermal stability, reducing sintering [20]. As for the reused 
catalyst (Fig. 3c), some changes are observed regarding the 
particles’ size and distribution. These changes may represent 
evidence of leaching and sintering and will be discussed 
later.

The surface chemical composition of the AuPd/S25 
catalyst was verified by the XPS technique to identify the 
chemical states of the elements available on its surface. The 
spectrum (Figure S4) indicates Au, C, O, Pd, Si, and Ti, as 
expected. Besides, there is no evidence of peaks correspond-
ing to chlorine (~ 199.0 eV), indicating that the washing of 
the catalyst was efficient in removing the  Cl− ions from the 
metal precursors. In the Au 4f region (Fig. 4a) spectrum, the 
peaks’ deconvolution showed two pairs of spin–orbit com-
ponents (Au  4f7/2 and Au  4f5/2), indicating the contribution 
of two chemical species. The main deconvolution showed an 
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Au  4f7/2 peak at 83.1 eV attributed to the  Au0 species. The 
respective value demonstrates a negative variation (−0.7 eV) 
of the binding energy concerning the characteristic value of 
metallic gold (83.8 eV) [49, 50].

The second doublet’s deconvolution showed an Au  4f7/2 
peak at 84.0 eV, which can be attributed to the Au + species. 
The proximity of this value to 83.8 eV allows a consistent 
association with the proposal of authors such as Odio et al. 
[49], who attribute the formation of the Au + species to the 
final state’s effects. According to these authors, these effects 
are directly associated with the particles’ size because, in 
tiny aggregates of  Au0, the final state’s effects would result 
in a positive net charge on the particle. It justifies the vari-
ation (+ 0.2 eV) in the binding energy of the Au metallic 
peak.

Like the Au 4f orbital, the deconvolution of the Pd 3d 
region (Fig. 4b) suggests two chemical species’ contribu-
tions. Two pairs of spin–orbit components (Pd  3d5/2 and Pd 
 3d3/2) are displayed with Pd  3d5/2 peaks at 335.0 eV, and 
337.0 eV can be associated with the species  Pd0 and  Pd2+, 
respectively [51]. The occurrence of the  Pd2+ species in the 
indicated binding energy is consistent with the presence of 
PdO on the catalyst surface. For the Pd 3d region, the Au 
4d orbital contribution with two spin–orbit components, of 
which the Au  4d5/2 component occurs overlapping the Pd 
 3d5/2 peak.

The spectrum of the Ti 2p region (Fig. 4d) shows two 
components centered on the values 458.4 eV (Ti  2p3/2) and 
464.0 eV (Ti  2p1/2), which are compatible with the  Ti4+ spe-
cies [52, 53]. As for the Si 2p region (Fig. 4e), two intense 
contributions are observed in 103.1 eV and 104.2 eV. The 
contribution of less energy can be easily attributed to the 
 Si4+ species, a characteristic peak of  SiO2. The one with 
the highest energy shows compatibility with Si–OH bonds, 
arising from the contribution of silanol groups and weakly 
adsorbed  OH− species from some hydration [54, 55]. The 
deconvolution of the O 1 s spectrum (Fig. 4c) exhibited three 
contributions, whose binding energies are attributed to the 
presence of Si–O–Si (532.6 eV), Ti–O–Ti (529.8 eV), and 
Si–OH (533.9 eV), in the latter case, as in the Si 2p region, 
the contribution of silanol groups and weakly adsorbed spe-
cies is considered. All values presented demonstrate consist-
ency with the literature [56].

As reported, a significant variation in the binding energy 
of the Au  4f7/2 peak is observed concerning the value com-
monly reported for  Au0 (83.8 eV). This variation can be 
associated with electronic changes in Au resulting from the 
charge transfer between Pd, which indicates close interac-
tions between Au and Pd atoms and mainly the formation of 
AuPd alloy [23, 57]. Given the magnitude of the variation, it 
is also possible that there is an influence of support effects, 
mainly due to interactions between Au and  TiO2 [23].
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The atomic proportions between the reduced and oxidized 
Au species (Au + /Au0 = 0.85) and Pd (Pd2 + /Pd0 = 1.12) 
suggest an inevitable heterogeneity in the surface chemical 
composition of the catalyst. The Au 4f setting, as already 
mentioned, suggests the occurrence of the metallic phase 
in the alloy as AuPd and the form of segregated nanoparti-
cles. The ratio obtained by adjusting the Pd 3d indicates the 
majority contribution (46.1%) of the  Pd2+ species concern-
ing the  Pd0 species (40.4%) in photoelectric specter.

The presence of the oxidized species  Pd2+ can be associ-
ated with the contribution of several factors, which involve 
characteristics of the synthesis method [58], presence of free 
Pd on the support surface, exposure to heat treatments [59], 
and effects of support, mainly due to the occurrence of elec-
tronic interactions [60]. In this context, the ability of  TiO2 
to supply oxygen and the presence of oxygen vacancies can 
favor these interactions. This property of  TiO2 contributes 
relatively to the presence of  Pd2+ on the surface of the cata-
lyst [23, 53].

The quantitative results also indicated an Au/Pd atomic 
ratio of 0.66, lower than the molar ratio presented by the 
ICP-OES technique (0.86). This variation may suggest the 
occurrence of metal deposition inside the mesoporous sys-
tem of the support, reflecting a lower concentration of metal 
on the surface [61].

3.2  Catalytic Activity

The functionalization of the SBA-15 was investigated from 
the catalysts’ performance in the reaction of oxidation of 
benzyl alcohol without solvent addition in the presence 
of molecular oxygen as oxidant. The products that can be 
obtained by oxidation benzyl alcohol are shown in Scheme 1.

Initially, we verified the conversion of alcohol in 
the absence of catalyst through some blank tests, from 
which substrate oxidation was investigated under the 

reaction conditions (Table S2, entry 2) and in their absence 
(Table S2, entry 1). The values obtained are within the 
considered error and have no catalytic relevance. The same 
is right for tests performed only in the supports’ presence 
(Table S2, entries 3–7).

Since Au’s low activity in the absence of base is very 
well established in the literature, we consider the addi-
tion of determining amounts of  K2CO3 in the reactions [1, 
14]. As expected, tests performed in the absence of  K2CO3 
showed shallow conversion of benzyl alcohol (Table S2, 
entries 8–12), while in the presence of salt, the activity of 
the catalysts increased considerably (Fig. 5a).

For AuPd catalysts (Fig. 5b), the tests were performed 
only in the absence of a base. The results obtained demon-
strated maximum conversion of benzyl alcohol (99%) with 
selectivities distributed between the benzaldehyde (least 
oxidized product) and the benzyl benzoate. These results 
are consistent with the literature since Au catalysts showed 
activity only in the presence of a base and with lower per-
formance than AuPd catalysts as expected [1, 11–14].

The inclusion of Pd to compose a bimetallic system 
next to Au is an alternative to the base’s use. Synergism 
between the metals involved tends to contribute signifi-
cantly to the catalytic performance, making the alkaline 
medium dispensable [8, 64]. Also, for Mallat and Baiker, 
Pd’s addition can activate alcohol, accelerate the reaction 
rate, and promote changes in the distribution of products, 
improving selectivity [1]. The synergistic effect between 
metals is quite pronounced since the corresponding mon-
ometallic catalysts (Au/S25 and Pd/S25) did not show 
activity in the oxidation of benzyl alcohol under base-free 
conditions.

The results obtained with Au catalysts show an increas-
ing trend associated with an increase in the amount of 
 TiO2 in the support. In the same sense, there is also a 
shift in selectivity in favor of benzoic acid. Such results 

Scheme 1  Representation of products obtained by the oxidation of benzyl alcohol [62, 63]
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suggest that the presence of  TiO2 nanocrystals acts on the 
performance of these catalysts.

The maximum conversion achieved by the bimetallic 
catalysts under the determined conditions does not allow 
to perceive any relationship between the catalytic perfor-
mance and the functionalization of the support. According 
to the literature, the carboxylic acid and the ester are prod-
ucts of sequential reactions of the oxidation of alcohol, 
the acid is formed from the oxidation of the aldehyde [1, 
14], and the ester from the esterification of the acid with 

alcohol [62] or by the formation of a hemiacetal intermedi-
ate [63] (Scheme 1).

This proposal, combined with the remarkable amount of 
benzyl benzoate produced, suggests a strong dependence on 
selectivity as a function of reaction time. It is confirmed by 
the performance profiles shown in Fig. 6a.

The conversion profiles indicate catalytic activity for all 
materials in the initial 10 min of the process. Moreover, 
demonstrate greater activity for catalysts with modified sup-
port, as it occurs for Au catalysts. The optimal reaction time 
was fixed at 30 min since, in that time, the highest values 
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for conversion and selectivity are reached (Fig. 6). At the 
optimum time, all catalysts showed activity superior to that 
of AuPd/SBA-15 (Si/Ti = 0) and the catalysts AuPd/S50 (Si/
Ti = 50) and AuPd/S25 (Si/Ti) = 25) obtained higher activity 
than AuPd/TiO2. These results suggest a good combination 
between SBA-15 and  TiO2 and show a direct relationship 
between increased catalytic activity and the presence of  TiO2 
in the support.

3.3  Selectivity Study

Regardless of the support, all Au catalysts achieved expres-
sive selectivities (60–80%) for benzoic acid. Studies suggest 
that the alkaline pH favors the deprotonation of alcohol and 
hydration of the aldehyde, increasing the reaction rate and 
gives rise to oxidation to the final product (carboxylic acid). 
The alkaline medium also helps in the desorption of benzoic 
acid, favoring its selectivity [1, 14].

For evaluating the selectivity profile of bimetallic cata-
lysts, only the results of the best performing catalyst were 
considered: AuPd/S25. The selectivity for benzaldehyde was 
extremely significant, especially in the optimal reaction time 
(30 min). The formation of appropriate amounts of benzoic 
acid and benzyl benzoate are observed as the reaction time 
increases (Figure S5). The formation of these co-products, 
mainly of the ester, may be related to the acidity of the cata-
lyst [8, 14, 65].

The formation of benzoic acid is observed after 10 min 
of reaction and does not show significant variation after 
45 min. On the other hand, benzyl benzoate formation is 
observed only after 45 min, presenting an increasing profile. 
Comparing the curves corresponding to benzaldehyde and 
benzyl benzoate, we note similarities in the two profiles’ 
variation. Such variations suggest an inverse relationship in 
forming the two products, where benzaldehyde is consumed 
as benzyl benzoate is produced. Therefore, benzyl benzoate 
can be produced from a hemiacetal intermediate formed by 
hydrogenation of benzaldehyde, as proposed by Cao et al. 
[65] and Enache et al. [63].

3.4  Influence of Temperature and Pressure

The influence of pressure and temperature conditions was 
verified considering a temperature range of 80 °C to 120 °C 
and inlet pressures of 3, 4, and 5 bar (Table S3). The increase 
in temperature improved the conversion but reduced the 
selectivity for benzaldehyde. Similarly, the increase in pres-
sure also positively affected the conversion and decreased 
selectivity, although with more subtle variations. Thus, the 
data presented suggest an opposite dependence on benzal-
dehyde’s selectivity concerning the increase in temperature 
and pressure.

The selectivity of benzoic acid and benzyl benzoate 
increases with temperature, reaching a significant change at 
120 °C. This behavior is also shown with increased pressure, 
but more subtly. When the pressure is increased from 3 to 
5 bar at 100 °C, a positive variation in benzoic acid and ben-
zyl benzoate selectivities is observed. A positive variation 
is also observed for benzaldehyde, but only in the change 
from 3 to 4 bar. Cao et al. [66] observed such trends due to 
the greater availability of  O2 on the catalyst’s surface. The 
pressure increase raises the  O2 concentration in the reaction.

The negative variation observed in the benzaldehyde 
selectivity when the pressure supplied is 5 bar may be due to 
the oxidation of the benzaldehyde itself since more benzoic 
acid and benzyl benzoate are produced. The results obtained 
at 4 bar point to the reaction’s saturation, indicating that, 
from there, the reaction tends to proceed for the more oxi-
dized products. Therefore, it is consistent to consider the 
temperature of 100 °C and the inlet pressure of 4 bar as 
optimal conditions for the reaction.

3.5  Effects of Modifying SBA‑15 on Catalyst 
Performance

As it has already been mentioned, the application of SBA-
15 as catalytic support is attractive because of the unique 
double porosity system and its high specific surface area. 
The inert nature of  SiO2 underlies the approach to the func-
tionalization of SBA-15 with organic groups, transition met-
als, and transition metal oxides in search of improvement, 
both in terms of material properties and in the interactions 
between support, active phase, and substrate.

The use of  TiO2 as a modifier of SBA-15 is opportune due 
to its complete application as catalytic support, especially in 
systems based on AuNPs and AuPdNPs, and the emphasis is 
given to its properties against oxidative processes. Thus, the 
present study was based on obtaining an improved catalytic 
system by combining the two materials’ properties. That is, 
a system that maintains the structural and morphological 
characteristics of silica and that shows the physical–chemi-
cal and catalytic properties of  TiO2.

In the verification of the catalytic performance, the results 
obtained demonstrated that all catalysts (Au and AuPd) with 
modified support  (TiO2@SBA-15) presented superior per-
formance to the catalysts with unmodified support (SBA-15). 
Besides, the increasing activity profile observed exposed a 
direct relationship between the activity and the Si/Ti molar 
ratio of the support, so that more significant catalytic activi-
ties were achieved with the increase in the amount of  TiO2.

Among the bimetallic catalysts, the material AuPd/
S25  (RSi/Ti = 25) was considered the most effective, while 
the catalyst AuPd/SBA-15  (RSi/Ti = 0) was the least active. 
Knowing that the oxidation of benzyl alcohol is a process 
sensitive to the properties of the catalyst, the investigation 
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of the structural morphological and textural aspects of these 
materials is crucial in understanding the role of  TiO2 in its 
performance.

The properties of SBA-15 were shown by all the charac-
terization techniques used, XRD, SEM, and TEM images, 
adsorption isotherms. The properties were observed in all 
catalysts, regardless of the amount of  TiO2 and the metallic 
particles’ addition. However, as already noted, the nanopar-
ticles’ placement on the supports was different in terms of 
size and dispersion. While AuPd/SBA-15 exhibited the for-
mation of relatively large particle clusters (20 nm), AuPd/
S25 exhibited considerably smaller average particle size 
(~ 3 nm), besides too good dispersion.

Based on these observations, the marked variation in 
activity between the AuPd/SBA-15 and AuPd/S25 catalysts 
can be firmly attributed to the differences in the size and dis-
persion of the metallic nanoparticles in each support. These 
characteristics are associated with the presence of  TiO2. 
Considering that the addition of this oxide as an SBA-15 
modifier possibly favored the establishment of more robust 
interactions between the metals and the support, improving 
dispersion and reducing the size of the particles.

The occurrence of an increase in the activity profile dem-
onstrated by the catalysts AuPd/S75, AuPd/S50, and AuPd/
S25 (in that order), together with the catalytic properties 
and the favorable aspects to oxidation that are commonly 
reported, allow the hypothesis of direct participation of  TiO2 
in the oxidative mechanism of benzyl alcohol. Therefore, a 
more detailed study of the reaction mechanism involved in 
the process is relevant.

3.6  AuPd/S25 Catalyst Reuse Test

The reduction in catalyst performance is commonly associ-
ated with factors such as leaching, sintering, and poisoning. 
The contribution of the factors is related to the properties 
of the catalytic material. This fact requires the investigation 
of each one.

After completing the five reaction cycles, the catalyst 
was subjected to TEM and ICP-OES analyzes. The images 
obtained by TEM (Fig. 3c) showed an increase in the aver-
age particle diameter concerning the newly prepared cata-
lyst. Particles with about 11.0 nm were observed, indicating 
a certain degree of agglomeration and sintering. Besides, 
there is an apparent reduction in the particles’ dispersion, 
which suggests loss of metallic content and less availability 
of active sites. Therefore, although sintering contributes to 
the loss of activity, it cannot be considered the most out-
standing contribution, much less the determining factor 
(Fig. 7).

Previously, we discussed that the loss of the catalyst’s 
active phase, after reuse, was verified by ICP-OES. The 
results obtained and presented in Table 2 indicated a loss of 

11.2% of the metallic content concerning the newly prepared 
catalyst, confirming the occurrence of leaching. Besides, the 
analysis also made it possible to verify that there was a sig-
nificant loss of Pd: 28%, which represents ~ 98% of the total 
leached metallic content.

The more significant Pd loss concerning Au can con-
sistently justify the reduction of the catalytic potential 
throughout the cycles. Since, under basic conditions, the 
AuPd synergism is what gives activity to the system. The 
results shown demonstrate consistency with that reported by 
Wang et al. [67]. Based on similar observations, the authors 
attribute the drop-in activity to the lack of homogeneity of 
Pd on the particles’ surface. This characteristic, combined 
with segregation, weakens the synergistic effects of bimetal-
lic catalysts without affecting selectivity, just as it does for 
the AuPd/S25 catalyst [67].

About catalyst poisoning, there is the possibility of block-
ing the active sites due to the strong adsorption of molecules 
from the substrate and products, especially carboxylic acid 
[68]. However, as leaching is a factor that significantly 
affects catalysis, the study of the occurrence of catalyst poi-
soning was not considered.

4  Conclusion

The modification of SBA-15 by the addition of  TiO2 dem-
onstrated positive effects on the Au and AuPd catalysts’ per-
formance. The AuPd catalysts, which were more efficient, 
were characterized by different techniques to guarantee 
the properties and composition of the support phase and 
investigate the metallic phase properties. Such techniques 
demonstrated improvements in the properties of the support 
and AuPdNPs due to the addition of  TiO2. AuPd catalysts’ 
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activities on different supports were studied in the oxida-
tion of benzyl alcohol using molecular oxygen as an oxidant 
under solvent and base-free conditions. The catalysis results 
show an increase in activity, which is associated with an 
increase in the amount of TiO2 in the support. The combina-
tion of these results shows the positive contribution of the 
modification of the SBA-15, exposes the possibility of direct 
participation of  TiO2 in the reaction mechanism, and estab-
lishes the AuPd/S25 catalyst as the most effective. Besides, 
experimental data suggested relevant effects of time, pres-
sure, and temperature on catalytic performance. Moreover, 
among the conditions, time was the most significant effect 
of the production benzaldehyde. Thus, using the optimum 
conditions of 100 °C, 0.5 h and 4 bar, we verify the stability 
of the AuPd/S25 catalyst. The catalyst was used for five suc-
cessive cycles in which it showed loss of activity, the most 
significant loss being in the last cycle. The catalyst showed 
no drop in selectivity but a slight increase from the third 
cycle. The loss of activity can be mainly associated with the 
loss of Pd during the reaction cycles. The catalyst could be 
used for five successive cycles without loss of selectivity 
and presented, in the last cycle, a conversion of 40%. These 
results represent good catalyst stability. The catalyst also 
offers a reasonable selectivity control, being able to be alter-
nated between two main products, benzaldehyde, and benzyl 
benzoate, based on the variation of the reaction conditions, 
mainly over time.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10562- 021- 03624-6.
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