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Abstract 

 

Supported gold-palladium nanoparticles are highly selective catalysts for the 

oxidation of alcohols. However, little is known about how integrated reaction conditions 

can affect the chemoselectivity of a specific catalytic system. Herein, a novel Au-Pd 

selectivity-switchable catalyst supported on SrCO3 is reported; and a multivariate 

optimization was suggested as the key process to understand the formation of the 

products better. The optimization approach considered temperature, pressure, time of 

reaction, and Au:Pd molar ratio, and settled that the temperature and Au:Pd molar ratio 

showed an important effect on the ester yield, while just the metal molar ratio 

significantly influenced the selectivity for the aldehyde. Thus, taking into consideration 

the experimental data and optimized conditions, we were able to efficiently switch the 

selectivity by just changing the pressure of the system in a benzyl alcohol oxidation 

reaction. Also, we proposed that the presence of O2 implies that there are two catalytic 

pathways, which leads to different selectivity, allowing us to bring some mechanistic 

insights dealing with the duality of the mechanism. Such outcomes are based on dense 

experimental results and characterizations (FT-IR, Rietveld refinement, XPS, H2-TPR, 

and EDS-STEM). The catalyst was also very stable, presenting activity up to 6 runs 

without loss of activity and selectivity, under certain reaction conditions. 

 

Keywords: SrCO3; Au-Pd nanoparticles; alcohol oxidation; factorial design 
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Introduction 

 

In recent years, major research efforts have been given to the development of 

nanoparticles (NPs) and nanostructured materials with potential application in the 

chemical industry.[1] Following the discoveries of Haruta[2] and Hutchings[3] in the use 

of gold catalysts as environmentally benign processes, the catalysis by supported gold 

and gold-palladium NPs has established new methodologies for the achievement of 

organic transformations under milder reaction conditions,[4] such as propene 

epoxidation,[5] oxidation of several compounds[6] and other chemical matters.[7] In this 

scenario, oxidation reactions of alcohols can be highlighted since they are considered as 

fundamental functional-group transformations in organic synthesis due to the possibility 

of improving access to compounds like aldehydes, ketones, esters, and carboxylic 

acids.[8] However, the need for toxic stoichiometric reagents as manganese[9] and 

chromium[10] is a great disadvantage, which prompts the use of metal-based catalysts. 

For that, one of the reasons for the choice of a bimetallic system is the electronic 

coupling between the metals, which produces nanocrystals with improved physical-

chemistry properties and, consequently, superior catalytic performances than single 

metals.[11] Moreover, the use of Au and Pd is interesting since they are miscible in a 

wide variety of compositions, easily forming Au-Pd alloys NPs.[12] 

Catalytic systems are a long-standing challenge since their chemoselectivity is 

limited, requiring modulation of NPs or support surfaces[13], ligands,[14] changing on the 

reaction conditions[15] or the use of additives as external base[6f, 6g], which hampers their 

wide applications on more complex organic synthetic pathways and total synthesis.[16] 

Thus, selectivity and mechanisms are important features that need to be understood to 

assist catalysts enhancements for wide applications. To achieve high selectivity, the 
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production of by-products via consecutive and parallel reactions must be considered for 

the design of improved catalytic methods.[17] For that matter, benzyl alcohol is one of 

the most studied model molecules for selective oxidation reactions[7c, 18] since it allows 

simpler elemental considerations regarding reaction conditions, the nature of the 

catalyst, and mechanisms insights. Therefore, constant efforts have been made by 

researchers to address such correlations using this reaction model.  

In addition to the bimetallic and substrate choices for specific studies, the support 

used as NPs carrier is essential because support effects and metal-support interactions 

can be considered selectivity-driving processes.[19] Strontium-based or -derived supports 

have been investigated in the literature, and their effect on the catalysis is quite 

motivating. Titanate nanotubes were modified with alkali and alkaline earth metal ions 

and supported with Au NPs for benzyl alcohol oxidation. The authors observed that the 

catalytic activity had a direct relationship with the basicity of the support without external 

base addition, suggesting a strong interaction between the support and the NPs.[20] Castro et 

al. observed a similar effect by using a mixture of Sr(OH)2, Sr(OH)2 . H2O, and SrCO3; 

however, K2CO3 addition was essential for the catalyst stability.[6f] Considering that a 

catalytic process as a whole is a complex issue, an available tool for the correlation among 

all the variables mentioned above has been increasingly used to help researches: a 

multivariate analysis. Its efficiency in building models, optimize multifactor experiments, 

and evaluate the effects of plentiful aspects provides the possibility of gathering all the 

information and predict how a system response will be under certain conditions.[21] 

Herein, we propose the synthesis of a catalyst comprised of Au-Pd NPs 

impregnated by sol-immobilization in SrCO3. We have demonstrated that the 

combination of Au-Pd NPs over such support can provide a pronounced performance 

for the solvent-free oxidation of benzyl alcohol without the need for external base 
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addition. Moreover, the study of temperature, pressure, time of reaction, and Au:Pd 

molar ratio were optimized for attaining conversion and selectivity to benzaldehyde or 

benzyl benzoate using multivariate processes, aiming a selectivity-switchable system by 

only changing one reaction condition. We also performed a full characterization of the 

best catalyst for our proposes (Au:Pd molar ratio of 1:1.5), which associated with the 

experimental data, provided mechanistic insights. The stability of the catalyst was 

satisfactory, with six runs without loss of activity.  

 

Experimental 

 

Materials 

 

All chemicals used in the experiments were of analytical grade, bought from 

Sigma-Aldrich, and used as received, without further purification.  

 

Catalyst preparation 

 

The catalyst was synthesized by using a method described elsewhere with 

modifications.[22] The preparation of a catalyst with Au:Pd molar ratio of 1:1.5 is 

described as an example: in a typical procedure, a previously prepared aqueous solution 

containing 7.1 mg of palladium(II) chloride (≥ 99.9%) in 10 wt.% HCl was added in a 

30-mL aqueous solution containing 31.7 mg of gold(III) chloride solution (HAuCl4, 

99.99% trace metals basis, 30 wt.% in dilute HCl). The same procedure was used for the 

preparation of other Au:Pd molar ratios, changing the quantities of metal precursors. 

Such ratios will be further shown. After a 5-minute magnetic stirring at room 
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temperature, 0.6 mL of a 2.0 wt.% aqueous solution of polyvinyl alcohol (PVA, 80%) 

was added to the solution, and the system was further stirred for 5 min. Subsequently, a 

freshly prepared 0.1% sodium borohydride (NaBH4, powder, ≥ 98.0%) aqueous solution 

was added dropwise under magnetic stirring. A 5-fold excess of NaBH4 (mol/mol), 

related to the mol of metals, was added to the main mixture, changing its quantity for 

the different Au:Pd molar ratios. The solution turned darkish instantly after the NaBH4 

addition, but it was kept under stirring for 30 min. The catalyst support consists of 

commercial strontium carbonate (SrCO3, ≥ 98%).  

After the NPs synthesis, 500 mg of the support was added to the prepared sol and 

stirred for 2 h, at room temperature. Finally, the suspension was centrifuged at 2000 

rpm for 2 min. The catalyst was dried in an oven at 50°C for 5 h before storage in an 

amber bottle. The blackish powder was designated as Au-Pd/SrCO3.  

 

Catalyst characterization 

 

The scanning transmission electron microscopy (STEM) images of the as-

prepared and spent (after the 6th run) Au-Pd/SrCO3 catalysts were obtained with an FEI 

Tecnai G2 F20 transmission electron microscope (Thermo Fisher Scientific, 

Massachusetts, EUA) operating at 200 kV with an energy dispersive spectrometer 

(Bruker XFlash 6130T Silicon Drift Detector). The element distribution maps were 

recorded using energy-dispersive X-Ray spectroscopy (EDS). 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 

nanoparticles’ size was determined by using the ImageJ software. For that, 200 particles 

were considered. The metal content in the catalysts (before and after usage) was 
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measured by Flame Atomic Absorption Spectroscopy (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. X-ray diffraction 

(XRD) pattern of the catalyst 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. 

Rietveld refinement of the as-prepared catalyst was performed using Rex 0.8.2 software. 

The X-ray photoemission spectra (XPS) were obtained with ESCA + 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 X-ray 

source was used with a power of 280 W, as the spectrometer worked in a constant pass 

energy mode of 50 eV. The calibration of the XPS spectra for the charge accumulation 

was performed using C 1s peak (BE = 284.8 eV). The Fourier Transform Infrared 

Spectroscopy (FT-IR) spectra were acquired by using a Spectrum 100 (Perkin Elmer, 

Massachusetts, EUA), set to measure 32 cumulative scans at 4 cm-1. The samples were 

prepared as KBr pellets. Temperature-programmed reduction with hydrogen (H2-TPR) 

was carried out in a ChemBET-Pulsar instrument (Quantachrome Instruments, Boynton 

Beach, United States) equipped 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 cooled to room 

temperature. The H2-TPR profiles were obtained between 50 and 1100°C in a flow of 

10% H2/N2, with a linear temperature increasing rate of 10°C min-1. The unit cell 

representation of SrCO3 was modeled by the VESTA (version 3.4.0, JP-Minerals, 

Ibaraki, Japan) and Diamond (version 3.2g, Crystal Impact GbR, Bonn, Germany).  
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Catalytic procedure 

 

All the experiments used the oxidation of benzyl alcohol as a model reaction. 

They were carried out in a glass Fisher-Porter reactor under O2 pressure.[6g] The 

reactions were performed at different temperatures under different pressures on a 

magnetic stirrer coupled to a heating plate with temperature control. In a typical 

reaction, 1 mL (9.6 mmol) of benzyl alcohol and 43.5 mg of the catalyst (2.0 wt.% 

metal) were loaded in the glass tube. Then, the system was purged 3 times with a stream 

of oxygen, and filled with the gas at a pressure between 1 and 5 bar. The resulting 

mixture was magnetically stirred at 500 rpm at a selected reaction time and temperature, 

which will be specified. After the reaction, the catalyst was separated from the products 

by centrifugation. Then, 20 μL of the reaction solution was mixed with 1 mL of 

methylene chloride (CH2Cl2) to determine the oxidation product yields by GC. P-xylene 

was added to the product as an internal standard. Gas chromatography (GC) analyses 

were performed by using a GC-2010 Plus equipment (Shimadzu, Kyoto, Japan) using a 

Carbowax capillary column. The activity of the catalyst was measured by testing the 

conversion of the benzyl alcohol and the selectivity and yield of benzaldehyde and 

benzyl benzoate (also, the selectivity of benzoic acid was considered and is in shown in 

Table S1). The conversion of benzyl alcohol, product selectivity, and product yield were 

calculated as follow: 

 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝐴𝑙𝑐𝑜ℎ𝑜𝑙𝑏𝑒𝑔𝑖𝑛,𝑚𝑜𝑙−𝐴𝑙𝑐𝑜ℎ𝑜𝑙𝑎𝑓𝑡𝑒𝑟.𝑚𝑜𝑙 

𝐴𝑙𝑐𝑜ℎ𝑜𝑙𝑏𝑒𝑔𝑖𝑛,𝑚𝑜𝑙
 𝑥 100%     Equation 1 

 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡𝑚𝑜𝑙

𝐴𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠𝑚𝑜𝑙
 𝑥 100%         Equation 2 
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𝑌𝑖𝑒𝑙𝑑 = 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑥 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛     Equation 3 

 

For catalyst recycling, the Au-Pd/SrCO3 was washed with CH2Cl2 before each 

cycle and dried in an oven at 50°C. 

 

 Experimental design for catalyst performance 

 

Two full factorial designs with four independent variables (24) were performed. 

Such a process was carried out to screen the statistically significant factors for the 

catalyst performance in the benzyl alcohol oxidation reaction, in terms of benzyl 

benzoate and benzaldehyde yields. The investigated variables and their levels (uncoded) 

were: pressure (1 and 5 bar), temperature (80 and 120°C), time of reaction (0.5 and 2.5 

h) and Au:Pd molar ratio (1:0.1 and 1:1.5).  

Regarding the benzyl benzoate yield, the significant factors were the 

temperature, the Au:Pd molar ratio, and their interaction. To obtain a suitable model for 

this product, experiments were performed with additional levels (temperatures: 71.7 and 

128.3 °C; Au:Pd molar ratios: 1:0 and 1:1.8) maintaining all the others variables in 

proper levels (pressure: 5 bar and reaction time: 2.5 h), which were pointed out by the 

results from the 24 full factorial experimental design. Also, to evaluate the experimental 

variation for the validation of the model by Analysis of Variance (ANOVA) replicates 

(three) at the central point were carried out. After this step, the Response Surface 

Methodology (RSM) was used to reach a better visualization provided by the 

mathematical model. Finally, replicated experiments regarding only the Au:Pd molar 

ratios were performed to find the optimum value of this variable, maximizing the benzyl 

benzoate yield. Only the Au:Pd molar ratio was pointed out as significant for the 
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benzaldehyde yield; then, an optimum value for the Au:Pd molar ratio was searched to 

maximize the response, maintaining the other factors in proper levels (pressure: 1 bar, 

reaction time: 2.5 h and temperature: 120 °C). One-way ANOVA was used to evaluate 

the significance of the Au:Pd molar ratio on the yields, considering its levels. Table 1 

summarizes all levels (coded and uncoded) of all the studied variables. The experiments 

were performed randomly at different days to avoid systematic errors. The statistical 

software used for calculations was STATISTICA® (Version 10.0, StatSoft Inc., Tulsa, 

USA). For statistically significant differences between means, a post hoc pairwise 

comparison with Tukey’s test was used. Statistical significance was set at P < 0.05. 

 

Results and discussion 

 

Catalyst characterization 

 

Our investigations started with the catalyst synthesis using a simple PVA-

stabilized Au-Pd NPs preparation method, with reduction of the metals using NaBH4.
[22] 

Our approach enabled the synthesis of pre-formed NPs, which were immobilized onto 

the support. The choice of support was based on a previous study published by some of 

us.[6f] The strategy used at that moment was to prepare SrO upon the calcination of the 

product of the reaction between strontium nitrate and sodium hydroxide; however, a 

mixture of Sr(OH)2, Sr(OH)2 . H2O and SrCO3 was obtained, yet it presented remarkable 

activity for the oxidation of benzyl alcohol. Since strontium compounds have not been 

fully studied in the literature as supports for gold, palladium, and gold-palladium NPs, 

and that SrO is not stable for our purposes, we have decided to explore the application 

of SrCO3 as catalytic support. All the following characterizations were performed with 
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Au:Pd molar ratio of 1:1.5, due to experimental results presented forward. However, it 

is worth mentioning that all the Au:Pd molar ratios used herein were considered as the 

total amount of metal detected by FAAS (not just the moles of surface Au and Pd 

atoms). 

We have used a commercial SrCO3 material; however, as the immobilization step 

can promote some support modification, characterizations were necessary to discover 

the specific material identity fully. We aimed to have just one strontium phase to have 

specific metal-support interactions[23] with well-known compounds. To focus on our 

efforts on the accomplishment of having just one phase of the strontium compound, we 

have used some complementary techniques to guarantee the composition of the support, 

as well as the catalyst itself as a whole. FT-IR spectra were recorded for SrCO3 and Au-

Pd/SrCO3 materials, which are shown in Fig. S1A. Both samples present the peaks that 

correspond to CO3
2-: 698 (706), 857 (855), 1071, 1454 (1476), 1774 (1772) cm-1, being 

the parenthesized values for Au-Pd/SrCO3 catalyst, when it differs from the SrCO3 

itself.[24] Such differences can be associated with the interaction between the support 

defects and metal NPs, changing the energy of the SrCO3 surface, causing slight 

shiftings.[25] The results suggest the achievement of a unique phase for the support used, 

which had to be confirmed. 

To elucidate such feature, XRD patterns of the SrCO3 containing Au-Pd NPs were 

recorded to analyze the specific crystal planes that comprise the sample. The 

diffractogram shows lines that correspond to the carbonate itself, once the low 

concentration of the Au-Pd NPs hampered the observation of their diffraction peaks in 

the XRD. The observed main diffraction peaks of the SrCO3 (Fig. S1B) are positioned 

at 2θ angles of 25.21°, 25.89°, 29.61°, 31.51°, 34.48°, 35.09°, 36.23°, 36.60°, 41.32°, 

44.05°, 45.65°,  46.7°, 47.7°, 49.98°, which correspond to the planes of (111), (021), 
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(002), (012), (102), (200), (112), (190), (220), (221), (041), (202), (132), (113), 

respectively. Such data can be attributed to the orthorhombic phase of SrCO3.
[24] In 

order to rely on the information of the phase purity and crystallinity, we have performed 

a Rietveld refinement. Table 2 shows the lattice parameters, unit structural volume, site 

occupancy and atomic positions determined from the refinement. The SrCO3 phase is 

isostructural with a point-group symmetry D2h(mmm) and lattice constants as follows: a 

= 5.0923(2) Å; b = 8.3893(8), c = 6.0100(9) Å. The Rietveld refinement fitted well to 

the experimental data, with values for the Goodness of Fit (GoF), Rprofile (Rp) and 

Rweighted profile (Rwp) of 3.5075%, 0.2058%, and 0.2550%, respectively. All the results 

confirmed a unique phase comprised of SrCO3 in an orthorhombic phase (ICSD 

202793). A schematic representation of the coordination assembly of SrCO3 is shown in 

Fig. S1C. The structure belongs to the crystal space group D2h
16(Pmcn) with Z = 4. The 

FT-IR spectrum formerly shown validates the spatial group observed in the structural 

unit for the strontium carbonate. It should be noted that the number of observed bands 

for normally degenerate vibrations can also be used as an indication of the group of 

molecular points. [26] The structural unit of SrCO3 contains four cations of Sr2+ and four 

anions of CO3
2−. The linear molecule of O=C=O with the D1h symmetry has four IR 

fundamental vibration modes (ν1 mode is IR inactive; ν2 bend, ν3 asymmetric stretch 

and ν4 planar bend around are located at 857, 1454 and 698 cm-1, respectively, as 

shown in Fig. S1A).[27]  

The composition of the catalyst was also investigated in details through elemental 

analysis studies using line scan and mapping in STEM mode. The catalysts were 

synthesized to have 2.0 wt.% of metal in different ratios, which were confirmed by 

FAAS. The elemental mapping shows NPs distributed all over the support, which is 

following the synthesis procedure (as shown in the spectrum image scanning in Fig. 
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1A). Fig. 1B-D illustrates the STEM-EDS images for the as-synthesized catalyst Au-

Pd/SrCO3 (1:1.5), where Au and Pd spatial distributions are almost overlapped with 

each other since the Au and Pd are intermixed in the Au-Pd NPs in accordance to the 

atomic interdiffusion presented by the material.[28] Such strong intermixing provides a 

large body of metals interfaces, favoring the catalytic activity of the system,[29] 

suggesting the formation of an alloy between the metals. The mean diameter for metal 

NPs was 4.55 ± 1.22 nm (Fig. S2). Also, the Sr spatial distribution is reliably uniform, 

as established in Fig 1D.  

TPR-H2 analyses were performed for the naked SrCO3 and the support 

impregnated with the Au-Pd NPs (Au-Pd/SrCO3). As displayed in Fig. 2A, SrCO3 

presented an H2 consumption shoulder centered at 890°C and an intense H2 peak 

consumption centered at 1024°C, which can be assigned to the reduction of the 

compound due to desorption of carbonate species[30] and reduction of carbonate to CO 

or, eventually, CH4.
[30b]After the immobilization of the metals, no new reduction peaks 

were detected, confirming that the reduction of Au and Pd species was efficient upon 

the NaBH4 usage; however, the shifting of the reduction temperatures to lower values 

(814 and 1009°C) after the metal impregnation can be attributed to some sort of 

interaction between the metals and the support. The observation can be explained by H2 

absorption on the Pd[31] or Au-Pd[32] surfaces, which weaken the H-H bond, decreasing 

the H2 activation barrier. Thus, it is more readily available for the strontium compound 

reduction. Such a feature is very important for catalysis reactions since strong 

interactions between the metals and the support usually enhance the catalytic activity of 

a given system.[33] In addition, electronic structure modulation by electron transfer 

among the metals also can be very expressive on the enhancement of a given catalytic 

system performance.[7d] 
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XPS analyses were performed to clarify the composition of the material and 

confirm the obtained information from the H2-TPR analyses. The survey scan of the 

catalyst (Fig. S3) revealed the presence of Au, Pd, Sr, O, and C, as expected. The 

carbon content can be related to adventitious C and surface carbonates. Fig. 2B presents 

the high-resolution Au 4f with binding energies suggesting Au0 species (Au 4f7/2, 82.9 

eV; Au 4f5/2, 86.5 eV). Such values are following the literature[34] and with our designed 

process since a 5-fold excess of NaBH4 was employed in a clear attempt to reduce the 

metals fully. No obvious peaks for Au3+ were detected, but they cannot be completely 

excluded. The deconvolution of the high-resolution Pd 3d XPS spectra presented (Fig. 

2C) Pd0 as the only chemical state (Pd 3d5/2, 334.8 eV; Pd 3d3/2, 340.0 eV). One may 

notice that any slight shift on the binding energy can be related to the chemical 

environment since a bimetallic system was under consideration[35] and, although not 

observed, a minor contribution from Pd2+ cannot be rejected.[36] The binding energy of 

134.8 eV for Sr 3d1/2 (Fig. 2D) corresponds to SrCO3, while the other two binding 

energies are attributed to Sr–O bonds (Sr d3/2, 132.5 eV; Sr d3/2, 134.0 eV).[37] The O 1s 

peaks tend to be broad due to the overlapping of components (Fig. 2E). The best fitting 

was achieved with two individual peaks at energies of 530.7 and 532.1 eV, which are 

assigned as C–OH and C–O–C species, respectively.[38] The C 1s peaks are 

characteristic of the carbonate support, corroborating to the other results presented 

herein (Fig. 2F). The binding energies of 284.4 and 286.3 eV are typically peaks of 

adventitious carbon. The energy of 288.8 eV can be associated with carbonate, while the 

290.3 eV can be assigned to C 1s component for hydrocarbons.[39] 

 

Experimental design for catalyst performance 
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Previous catalytic tests using the proposed material have shown that the main 

products observed in the oxidation reaction were benzaldehyde and benzyl benzoate, 

depending on the reaction conditions, with inexpressive benzoic acid content. Through a 

univariate approach, a screening of Au:Pd molar ratio was performed, which was used 

to choose the parameters for the multivariate methodology used in the proposed 

experimental design. At first sight, an effect on the catalyst selectivity was quite 

surprising since we just modulated the reaction conditions and the Au:Pd ratios, without 

any additive or changing on the solvent, as proposed before in the literature.[40] Then, a 

multivariate approach was proposed to evaluate how some previously chosen variable 

may affect the selectivity for the main products of benzyl alcohol oxidation for the 

system herein studied. The tests were performed individually for each product 

formation, in an attempt to deeply show how the reaction conditions would affect the 

reaction pathway. 

Full factorial designs consisting of 16 experimental runs, based on responses of 

the benzyl alcohol oxidation in terms of benzyl benzoate and benzaldehyde yields, are 

shown in Table 3. As a matter of comparison, conversion and selectivity results are 

shown in Table S1. The coefficient of determination (R2) of the model for benzyl 

benzoate yield was equal to 0.91, indicating that the independent variables were able to 

explain 91% of the variation on the dependent variable around the global mean. Among 

the investigated variables, the temperature and Au:Pd molar ratio showed a significant 

effect on the benzyl benzoate yield, as pointed out by the Pareto Chart of standardized 

effects in Fig. 3A. Such chart shows both the magnitude and importance of the 

parameters, and the horizontal dashed line corresponds to the t value from the student 

distribution, with 95% of confidence (p = 0.05), and proper degrees of freedom. The 

positive value of the significant effect of interaction between the temperature and Au:Pd 
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molar ratio indicates that the maximization of the response is obtained when both 

factors are simultaneously moved to higher levels.  

Time of reaction and pressure showed no statistical significance on the benzyl 

benzoate yield, i.e., their modifications between the studied levels were not able to 

promote a significant change in the response. However, for further investigations, as the 

model suggests that the yield is increased when the parameters are set in higher levels, it 

is reasonable to maintain the pressure at 5 bar and the reaction time at 2.5 h. In this 

context, a central composite design was proposed to obtain a quadratic model, relating 

the significant factors and the benzyl benzoate yield. For this, experiments were 

performed with additional levels for temperature (71.7 and 128.3 °C) and Au:Pd molar 

ratio (1:0 and 1:1.6), consisting of axial points and three replicates at the central point 

(see Table 3). The replicates at the central points provide a new level and are useful to 

access the experimental variation used in the validation of the quadratic model by 

ANOVA. The factorial part of the central composite design corresponds to the 

experiments #8, #7, #15 and #16 in Table 3. The additional data for the central 

composite design are presented in Table 4. 

As can be seen in Table 4, the levels for the Au:Pd molar ratio are slightly 

different from ±√2 (±1.41), which consists with the value for rotatability and 

orthogonality (designated as alpha or α), when the factorial part of the design is a full 

one, and it has two factors. An experimental design is rotatable if the variance of its 

estimations depends only on the distance from the central points, i.e., if the precision of 

the estimated response is equal for all points situated on a circumference centered at the 

center of the design (for designs with more factors, it could be a sphere or a 

hypersphere). Also, for experimental designs, it can be said that two factors are 

orthogonal to each other when they vary independently. In other words, the factor level 
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settings for two factors are uncorrelated. Thus, the effects are estimated unconfounded 

with the other ones. However, rotatable or orthogonal criteria may not be strictly 

followed due to practical constraints on the design region, i.e., a particular value may 

not be feasible, and a neighboring value may have to be chosen[41]. The set values 

(±1.14) correspond to the Au:Pd molar ratio equal to 1:0 and 1:1.6. These values were 

defined since initially the Au:Pd molar ratio of 1:0.1 was set at the level equal to -1. 

Thus, the code equal to −√2 would bring the new ratio to a logically impossible 

negative value. Therefore, the proposed experimental design, using coded levels for 

Au:Pd molar ratio as ±1.14, is near-rotatable and orthogonal, owing to the small 

difference of the value to reach the conditions of rotability and orthogonality. 

The central composite design resulted in the quadratic model presented in 

Equation 4, 

 

 

          Equation 4 

 

where Y stands for the benzyl benzoate yield, X1 and X4 stand for the Au:Pd molar ratio 

and temperature (as shown in Table 1), X1X4 stands for the interaction between the 

factors.  

In Equation 4, the intervals of confidence at 95% of probability are presented 

between parentheses for each parameter. The quadratic model presented a coefficient of 

determination (R2) and adjusted coefficient of determination (adj-R2) of 0.96 and 0.92, 

respectively, indicating that the factors can explain a large part of the variation around 

the global mean and, also, that the model does not overfit the data set. ANOVA of the 

model is shown in Table 5, where the significance of the parameters is evaluated. All 

Y= 4.08(± 1.65)+16.36(± 1.03) X1+9.66(± 1.19) X1
2+18.91(± 1.13)X4

+9.02(± 1.60) X4
2+17.78(± 1.46) X1X4
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parameters are significant at 95% of confidence level, with p-values lower than 0.05. 

Therefore, the variation explained by the model is significantly higher than the residual 

variation; i.e., the regression is significant. On another hand, the quadratic model 

presented a small lack of fit, since the F value obtained was 192.3 (although close to the 

critical F value). Despite this, only slight variations were observed between predicted 

and experimental values, as one can see in Fig. 3B, which shows the plot for predicted 

versus experimental benzyl benzoate yields. Furthermore, it was observed that the 

distribution of the residuals is closely normal, as presented in the residuals plot of Fig. 

3C and the normal probability plot in Fig. 3D. 

Through the quadratic model, the response surface was obtained, and it is shown 

in Fig. 4A. The response surface shows an increase in the benzyl benzoate yields when 

both factors, temperature and Au-Pd molar ratio, are moved simultaneously to the 

higher levels. Thus, it would be reasonable to perform additional optimization around 

the higher levels of the factors. Nevertheless, the increasing of the temperature, linked 

to the pressure of 5 bar, could have damaged the glass Fisher-Porter reactor, since it is 

used for small-scale reactions, which was the case; however, the bottle can stand much 

lower pressures than that in a metal reactor. Hence, it hampered the employed higher 

level for such a variable. Therefore, it was possible to assess the conditions for the study 

considering the maintenance of 5 bar of pressure, achieving 120°C, to prevent critical 

issues. In this scenario, the last optimization was performed, under the mentioned 

conditions, evaluating the increasing of the Au:Pd molar ratio for the benzyl benzoate 

yield. For this, replicated experiments were performed for Au-Pd molar ratios of 1:1.5, 

1:2 and 1:4. The results are shown in Table S2. 

One-way ANOVA indicated that the means of the benzyl benzoate yields at the 

Au:Pd molar ratio levels (groups) did not present significant difference at 95% 
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confidence level. The calculated F-value was 1.30, and the p-value was 0.34; thus the 

between-level variation is statistically equal to within-level variation. Basically, there is 

no difference by using the catalyst in the proportion of 1:1.5 and 1:2 or 1:1.5 and 1:4. 

As a consequence, we decided to use the 1:1.5 molar ratio. Therefore, under the 

experimental range studied here, the best conditions for obtaining benzyl benzoate 

yields were: 5 bar of O2, 2.5h of reaction, Au:Pd molar ratio of 1:1.5 and 120°C, 

ensuring integrity conditions for the system and the possible highest yield. 

The full factorial designs consisting of 16 experimental runs (Table 3) for 

benzaldehyde yields as response showed a coefficient of determination (R2) of 0.72, i.e., 

the independent variables (factors) were able to explain 72% of the variation on the 

dependent variable around the global mean. Among the investigated variables, only the 

Au:Pd molar ratio showed a marginally significant effect on the benzaldehyde yield, 

accordingly to the Pareto Chart of standardized effects in Fig. 4B. 

The positive value of the significant effect of the Au:Pd molar ratio indicates that 

the maximization of the response is obtained when this factor is moved to higher levels. 

The factors – reaction time, pressure and temperature – showed no statistical 

significance on the benzaldehyde yield. On the other hand, the model suggested that the 

yield is increased when these parameters are set in the higher, lower and higher levels, 

respectively. Also, through the Pareto chart in Fig. 4B, it can be seen that the time of 

reaction is more important than the pressure and temperature for the response. 

To access the significance of the Au:Pd molar ratio on the cited yield, one-way 

ANOVA was performed on replicated experiments with Au:Pd molar ratios of 1:1.5, 

1:2 and 1:4. As pointed out by the full factorial design, the remain variables were set as 

1 bar, 2.5 h, and 120 °C. The results are shown in Table S3. 
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ANOVA indicated that the means of the benzaldehyde yield at the Au:Pd molar 

ratio levels (groups) presented significant difference at 95% confidence level. The 

calculated F-value was 40.01, and the p-value was 0.00034; as a result, the between-

level variation is statistically different from within-level variation. Post hoc test of 

significant difference between means revealed that the mean of the benzaldehyde yield 

at the Au:Pd molar ratio of 1:1.5 was different from the other means at the Au:Pd molar 

ratio of 1:2 and 1:4, while these last two means are equal between them (Tukey’s test, p 

< 0.05). In other words, there is no difference on choosing Au:Pd molar ratio of 1:2 or 

1:4, as a condition for the production of benzaldehyde, but there is a difference on 

choosing Au:Pd molar ratio of 1:1.5. Consequently, the benzaldehyde yield mean was 

higher at Au:Pd molar ratio of 1:1.5, the chosen optimal molar ratio for benzaldehyde 

production. Considering the statistical analyses performed herein, the Au:Pd molar ratio 

of 1:1.5 is efficient in terms of reaction yield and selectivity changing by just adjusting 

the pressure of the system. 

 

Mechanistic considerations 

 

Inferences about the mechanism of benzyl alcohol oxidation into benzaldehyde 

and benzyl benzoate were based on the present reaction conditions used for the 

optimization of our catalyst. Such a system is complex since it encompasses gas, liquid 

(the substrate) and interaction between the NPs and the catalyst support; due to the 

possibility of multiple reaction pathways and some uncertainty, the observations are 

somehow limited. However, the dense experimental data herein presented and the 

theoretical background from the literature made us believe that we were able to present 

some insights into the reaction mechanism for the proposed catalyst. 
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The multivariate study enabled the analysis of the interaction among the chosen 

variables for the system. Considering the limitations of the glass reactor, the suggested 

model indicated that the significant variables for benzyl benzoate production were 

temperature and Au:Pd molar ratio, while just the metals molar ratio presented a 

significant effect on the selectivity for benzaldehyde. Thus, the optimized model 

indicated that maintaining unchanged all the variables of the system (120°C, 2.5h, and 

Au:Pd molar ratio of 1:1.5), except one (pressure), the catalyst would be classified as 

selectivity-switchable one. Such a feature is highly desirable once chemoselectivity is a 

challenge for catalytic systems. The model showed that the unique feature for a 

selectivity-switchable system is pressure: 1 bar is enough for the benzaldehyde 

obtaining; while 5 bar of O2 pressure were proved to have the best effect on the benzyl 

benzoate production. Such findings were essential for mechanism comments.  

Nepak and Srinivas have shown that the basicity of the support for Au-based 

catalysts influences the electronic properties and oxidation activity of the catalyst, and 

presented a strontium-modified titanate nanotube as one of the most prominent systems 

among alkali and alkaline earth metal ions,[42] showing the importance on the support 

choice. Our outcome related to the Au:Pd molar ratio of 1:1.5 is similar to the observed 

by Sarina et al., which found that the Au:Pd molar ratio of 1:1.86 was the optimal 

charge heterogeneity for the oxidation of benzyl alcohol.[43] Such difference may be 

explained by the study-type approach: we are performing multivariate analysis, and the 

cited study applies a univariate methodology, without considering the possible 

interaction among the variables of the system. 

Blank experiments have shown that negligible activity was observed over the 

support itself, which confirms that the catalytic activity is due to the Au-Pd NPs, which 

is in accordance to the DFT studies performed by Cui et al.[7c] They have shown that the 
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electronegativity difference between Pd and Au bears electron-rich and slightly 

positively charged sites. Such heterogeneity is the reason for the improved catalytic 

activity observed for Au-Pd systems,[44] which can explain why our catalyst does not 

present the necessity of having additives, such as external base addition, to present 

remarkable performances. However, the intrinsic basicity of the support needs to be 

considered since it plays an important role for the catalytic performance, being the 

reason for the pursuing of a one-phase strontium compound from the initial synthesis of 

the catalyst. Our system is following the literature since the Au-Pd systems limit the 

formation of toluene, hindering the disproportionation pathway needed for its 

formation.[22] Also, by similarity with carbocation chemistry, the toluene formation is 

likely not to be formed under basic conditions, where O–H cleavage is expected to be 

preferred instead of the cleavage of the C–O bond of benzyl alcohol. Consequently, it 

appears feasible that the appropriate catalytic sites are located close to the edge of the 

metal particles where there are metal-support interactions. However, considering that 

high pressure favors the benzyl benzoate production and that low pressures produce 

benzaldehyde, we believe that the O2 concentration may lead to different reaction 

mechanism for the formation of both products. It has been proposed that the differences 

in the selectivity for Au-Pd systems can be explained by a decrease in oxygen 

adsorption on their surfaces.[45] 

In light of the foregoing, we can comment on the reaction mechanism based on 

the experimental data we have presented. Fig. 5 shows the reaction mechanism for the 

benzaldehyde formation, illustrating that the reaction proceeds with the synergy 

between the Au-Pd NPs and the basic sites on the surface of the SrCO3 (I). In the first 

step, benzyl alcohol interacts with the basic site Sr2+ of the support (II), causing an 

abstraction of the proton by the O- of the carbonate, which provides an alkoxide 
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intermediate (III) in the interface of the Au-Pd alloy and the surface of the support. In 

the second step (IV), we propose that the intermediate goes through coordination with 

the Au-Pd alloy to form an unstable metal-H bond (metal-alcoholate). This intermediate 

undergoes β-hydride elimination, which forms metal-hydride species and releases the 

product (benzaldehyde). Then, the electron-rich surface of the alloy activates the 

molecular oxygen and produce activated oxygen species, which removes the H from the 

alloy surface, producing water and oxygen as a by-product and restoring the catalyst for 

a new catalytic cycle (V).[20] 

Fig. 6 shows the reaction mechanism for the benzyl benzoate formation, which 

applies the same idea from the previous mechanism, i.e., the synergy between the Au-

Pd NPs and the basic sites of the support (I). However, it appears that the basic sites 

have little impact on the selectivity once the pressure increasing led to a selectivity 

change. Thus, the proposed mechanism for benzyl benzoate formation involves oxygen 

species that are far from just an H-abstraction process, as seen in the benzaldehyde 

production mechanism. To start, benzyl alcohol interacts with the basic site Sr2+ of the 

support (II), forming an alkoxide intermediate (III), where the oxygen species 

interacting with alloy directly attacking the –CH2–. Such a mechanism provides 

coordination of the substrate moiety with the alloy and metal-H bond formations, 

eliminating water. The coordinated substrate forms a carbonyloxyl intermediate (IV). 

The next step counts with the interaction of a new benzyl alcohol molecule with a 

neighbor basic site, producing the benzoate (V), and restoring the catalyst.[45] 

 

Recycling experiments 
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The previous section presents the versatility of the catalysts; however, as the 

exploitation of the support was an important feature to be pursued, recycling 

experiments were proposed to evaluate the stability of the catalyst. As shown in Fig. 7, 

the catalyst kept the high activity in 5 runs, leading to conversions of more than 90% in 

just 2.5 h, using the optimized conditions for benzaldehyde formation (the results are 

presented in yield for benzaldehyde). The catalyst did not need base addition to keep its 

performance; in addition, from one cycle to the other, it was just washed with CH2Cl2 

and dried in an oven for 2 h. This result suggests that no deactivating processes took 

place and that the catalyst can be used in additional runs. The yield presented 

maintenance as well, which could be switched to benzoate, following the data presented 

before.  

The elemental mapping for the spent catalyst (Fig. S4), after its 5th run, presented 

mean diameter for metal NPs of 4.64 ± 1.42 nm (Fig. S2), i.e., no aggregation was 

observed when compared to the as-prepared catalyst. Also, FAAS analyses presented no 

metal leaching in the successive cycles. These results suggest that the catalyst can have 

industrial potential considering the straightforward catalyst usage.  

 

Conclusions 

 

Au-Pd NPs were supported effectively on SrCO3. The catalysts were 

characterized by different techniques to guarantee the support phase composition and 

the oxidation of the metals. The catalytic activity of the supported catalyst was studied 

in the oxidation of benzyl alcohol using oxygen as oxidant under solvent-free 

conditions. The experimental designs suggested that the temperature and Au:Pd molar 

ratio were the most significant effects for the benzyl benzoate production, while just the 
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metal molar ratio presented significance for the selectivity of benzaldehyde. Using the 

optimum conditions of 120°C, 2.5 h, and Au:Pd molar ratio of 1:1.5, only the pressure 

was changed for a selectivity switch. The optimization methodology combined with the 

characterization techniques allowed some mechanisms insights, suggesting a dual 

mechanism depending on the O2 pressure. The catalyst was stable and used 6 times 

without loss of performance. 
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Fig. 1 The morphology of the as-prepared catalyst in the spectrum image scanning (A), 

and the STEM-EDS elemental map images of Sr, Au, Pd, and (B, C, D, respectively).  
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Fig. 2. (A) H2-TPR profiles of SrCO3 and Au-Pd/SrCO3 catalyst. XPS spectra of (B) Au 

4f, (C) Pd 3d, (D), Sr 3d, (E) O 1s, (F) C1s levels. The red line represents the fitted 

spectrum, and the black dots are the background. 
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Fig. 3 (A) Pareto chart for the experimental design on benzyl benzoate yield (the 

horizontal dashed line, corresponding to a significance level of p = 0.05, indicates the 

significance of temperature, Au:Pd molar ratio, and the interaction between them for 

benzyl benzoate yield; the symbols are presented in Table 1; XiXj stands for the 

interaction between i and j factors). (B) Predicted versus experimental values for the 

benzyl benzoate yields (the values were predicted by the quadratic model from Equation 

1). (C) Residuals of the quadratic model versus the case numbers. (D) Normal 

probability plot for the residuals from the quadratic model. 
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Fig. 4 (A) Response surface obtained from the quadratic model for benzyl benzoate 

yield. (B) Pareto chart for the experimental design on benzaldehyde yield (the 

horizontal dashed line corresponding to a significance level of p = 0.05 indicates the 

marginal significance of the Au:Pd molar ratio for benzaldehyde yield, the symbols are 

presented in Table 1; XiXj stands for the interaction between i and j factors). 
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Fig. 5 Possible reaction pathway for the solvent-free oxidation of benzyl alcohol over 

Au–Pd/SrCO3 catalyst for benzaldehyde formation. 
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Fig. 6 Possible reaction pathway for the solvent-free oxidation of benzyl alcohol over 

Au–Pd/SrCO3 catalyst for benzyl benzoate formation. 
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Fig. 7 Recycling tests for the Au-Pd/SrCO3 catalyst in benzyl alcohol oxidation 

reactions under optimized conditions. 
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Table 1. Full 24 factorial design for the screening of the temperature, reaction time, 

pressure and Au:Pd molar ratio on the benzyl benzoate and benzaldehyde yields. 

 

Variables 

 

Symbols 

Factor levels 

−√𝟐 -1 0 +1 +√𝟐 

Au:Pd molar ratio X1 1:0* 1:0.1 1:0.8 1:1.5 1:1.6* 

Pressure (bar) X2 - 1 - 5  

Reaction time (h) X3 - 0.5 - 2.5 - 

Temperature (°C) X4 71.3 80 100 120 128,7 

*the real codes of these variables are -1.14 and +1.14 
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Table 2. Lattice parameters, unit cell volume, site occupancy and atomic positions 

obtained from Rietveld refinements of Au-Pd/SrCO3 catalyst. 

Atoms 
Wycko

ff 
Site x y z Occupancy 

Sr1 4c .m. 0.25000 0.41619(4) 0.75678(7) 1 

C1 4c .m. 0.25000 0.75873(4) -0.08547(7) 1 

O1 4c .m. 0.25000 0.91118(5) -0.09501(9) 1 

O2 8d 1 0.46785(6)  0.68183(3) -0.08610(6) 1 

[Monophasic for SrCO3; Pmcn (62) – Orthorhombic (a=5.0923(2) Å; b=8.3893(8), 

c=6.0100(9) Å, α=90º, β=90º, γ=90º; V=256.75(5) Å3 Z=4; a/b=0.6070, b/c=1.3959, 

c/a=1.1802; Rp=0.205%, Rwp=0.255%; Rexp=0.072%; χ2= 12.302 and GoF=3.507] 
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Table 3. Full 24 factorial design and responses for benzyl benzoate and benzaldehyde 

yields. 

 

Experiments 

Variables* 
Benzaldehyde 

yield (%) 

Benzyl 

benzoate 

yield (%) 
X1 X2 X3 X4 

1 -1 -1 -1 -1 2.60 0.03 

2 +1 -1 -1 -1 21.00 0.40 

3 -1 +1 -1 -1 1.28 0.62 

4 +1 +1 -1 -1 27.91 1.18 

5 -1 -1 +1 -1 5.87 0.09 

6 +1 -1 +1 -1 48.38 0.77 

7 -1 +1 +1 -1 9.98 0.23 

8 +1 +1 +1 -1 76.22 11.89 

9 -1 -1 -1 +1 2.75 0.64 

10 +1 -1 -1 +1 63.23 1.50 

11 -1 +1 -1 +1 6.43 0.31 

12 +1 +1 -1 +1 13.61 76.94 

13 -1 -1 +1 +1 25.92 0.54 

14 +1 -1 +1 +1 52.31 42.25 

15 -1 +1 +1 +1 33.57 0.67 

16 +1 +1 +1 +1 6.98 83.47 

*According to descriptions of Table 1. The benzyl alcohol conversion and the products 

selectivity shown in Table S1 were used to calculate benzaldehyde and benzyl benzoate 

yield by Equation 3. 
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Table 4. Additional data for the central composite design and responses for benzyl 

benzoate yields obtained for each experiment. Pressure and reaction time factors were 

maintained at 5 bar and 2.5 h, respectively. 

 

Experiments 
Variables* Benzyl benzoate 

yield (%) X1 X4 

17 -1.14 0 0.49 

18 +1.14 0 27.24 

19 0 −√2 1.27 

20 0 +√2 42.90 

21 0 0 4.88 

22 0 0 3.76 

23 0 0 4.98 

*According to descriptions of Table 1. 
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Table 5. ANOVA table for the benzyl benzoate yields predicted by the quadratic model. 

 

Variation 

source 

Sum of 

Squares (SS) 

Degrees of 

freedom (DF) 

Mean 

Squares (MS) 
F value p-value 

𝑿𝟏 2141.645 1 2141.645 4667.928 0.000214 

𝑿𝟏
𝟐 558.724 1 558.724 1217.795 0.000820 

𝑿𝟒 2364.229 1 2364.229 5153.070 0.000194 

𝑿𝟒
𝟐 271.325 1 271.325 591.380 0.001687 

𝑿𝟏𝑿𝟒 1265.225 1 1265.225 2757.683 0.000362 

Lack of fit 264.704 3 88.235 192.316 0.005177 

Pure error 0.918 2 0.459   

Total 6752.151 10    
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Table of contents 

 

 

 

We have proposed a catalyst comprised of an Au-Pd nanoalloy supported on 

SrCO3 that can modify the benzyl alcohol selectivity by just changing the pressure of 

the system. At 5 bar, the chemoselectivity was demonstrated to be for the benzyl 

benzoate, and at 1 bar, high yields of benzaldehyde were obtained. We were able to 

prepare a catalyst that is a real selectivity-switchable material.  
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