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Abstract

:

Benzyl alcohol (BnOH) oxidation to benzaldehyde (PhCHO) is a pivotal industrial reaction. The aerobic oxidation of BnOH in solvent-free conditions is highly compatible with the necessity of low environmental impact. In this research work, palladium oxide (PdOx) supported on ceria nanorods (CeO2-NR), was synthesized, and utilized for aerobic solvent-free oxidation of BnOH derivatives to the corresponding aldehydes. The catalyst, PdOx/CeO2-NR, was characterized by X-ray diffraction (XRD), field-emission scanning electron microscopy/energy-dispersive spectroscopy (FE-SEM/EDS), N2 adsorption-desorption analysis, temperature-programmed reduction with hydrogen (H2-TPR), and X-ray Photoelectron Spectroscopy (XPS), proving that the PdOx (x > 1) particles were highly dispersed on CeO2-NR and have a strong interaction with the support. The PdOx/CeO2-NR catalyst permitted the aerobic oxidation of various benzyl alcohol derivatives with good conversion, and high selectivity towards the corresponding aldehydes. The presence of electron donating groups (EDG) on the benzylic ring enhanced the reactivity as opposed to the electron withdrawing groups (EWG) which were detrimental for the catalytic activity. During the reaction a partial reduction of the metal produced a Pd(0)/PdOx/CeO2-NR redox couple stable in the reaction condition, more reactive and recyclable. Some mechanistic hypotheses are presented.
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1. Introduction


The selective oxidation of benzyl alcohol (BnOH) to benzaldehyde (PhCHO) is considered a critical organic transformation either for the importance of PhCHO as a fine chemical and for the environmental implications that the reaction can bring about [1,2].



To avoid toxic and pollutant oxidants, various studies have focused the attention on the use of oxygen as an environmentally benign oxidizing agent. This kind of reaction could be effectively catalyzed by noble metals, such as gold, ruthenium, or palladium, that are often nano dispersed on less expensive supporting materials such as ceria, silica, and carbon [3]. Recent literature has evidenced a strong influence on the catalytic activity of metal dispersion [4], support morphology [5,6], and reaction conditions (concentration, temperature, solvent) [2]; thus, the preparation of the support and the method of dispersion of the metal could play a pivotal role in the efficiency and selectivity of the reaction.



In addition, due to the cost and toxicity of many organic solvents, omitting their usage can be a further attractive improvement to the environmental impact of the reaction. This could be done either using water [7] or the alcohol substrate itself as the solvent as proposed by Wang [8] and more recently by Xia [9], Li [10], and others [11,12].



At the same time, in-depth studies have been devoted to elucidating the catalytic mechanism of oxidation of benzyl alcohol by metals supported on nanoparticles in order to avoid secondary products such as toluene and benzoic acid [2,13,14,15,16,17,18]. In the case of Pd(0), various competing reaction pathways were proposed depending on temperature, substrate, and oxygen concentration. The prevalence of one or the other leads to the main product with a different percentage of secondary derivatives [13].



Recently, researchers have analyzed the BnOH oxidation mechanism under solvent free conditions [14]. From a mechanistic point of view, the absence of solvent, i.e., the use of polar protic BnOH alone, may have a massive effect, considering that these reactions are normally carried out in toluene or aromatic aprotic solvents. Xin et al. observed that, using Pd on crystalline nanoporous CeO2 in solvent free conditions, BnOH derivatives with electron-donating groups (EDG) on the aromatic ring were oxidized less than BnOH itself (18.63% for 4-methylbenzyl alcohol, 11.12% for 4-methoxybenzyl alcohol, and 26.60% for BnOH), while a slightly higher percentage of the benzylic alcohol with 4-nitro electron-withdrawing group (EWG) was converted to the aldehyde derivative (27.13% of 4-nitrobenzyl alcohol) [4]. These results contrast with the studies of Xu et al. [19], for the oxidation of similar substrates catalyzed by Pd supported on mesoporous carbon, using toluene as solvent. As a matter of fact, Xu et al. observed that addition of a nitro group decreased the alcohol conversion (54% in 4 h), while EDG resulted in higher conversion of alcohol compared to BnOH (92% and 93% in 4 h for 4-methyl and 4-methoxy derivatives, respectively).



The oxidation state of palladium plays a crucial role in the catalytic activity and the reaction mechanism [2,5]. Many research works focused on Pd(0) catalysts due to high reactivity [20] but the metallic palladium could be oxidized because of the oxygen or an oxidizing environment such as nanostructured ceria support [21], so maintaining the palladium in reduced form on support materials with high oxygen reservoir capacity such as ceria nanomaterials is a difficult task [22]. Therefore, preparing the catalyst with the oxide species of palladium might be easier to control and lead to a more stable catalyst compared to Pd(0) counterparts. In addition, the more reactive Pd(0) species can be produced from the palladium oxide species during the solvent-free oxidation of alcohols because the high concentration of alcohol can initiate the palladium reduction, as observed by Jürgensen et al., for the reduction of PdO supported on TiO2 in presence of propyl alcohol at temperatures higher than 90 °C [23].



In this work, palladium oxide (PdOx) supported on ceria nanorods (CeO2-NR) was prepared by a synthetic procedure slightly different than our previously published method [5], due to a change of palladium precursor (see Section 3. Materials and Methods). The catalyst was characterized and compared with the one previously produced, showing different chemical and physical properties. The new PdOx/CeO2-NR was then tested for solvent-free oxidation of various BnOH derivatives substituted in the aromatic ring with EDG and EWG groups. Some mechanistic hypotheses are proposed based on the findings of catalyst analysis after reaction and the results of oxidation of different BnOH derivatives.




2. Results and Discussion


In this work the palladium precursor used for wet impregnation was a commercial solution of Pd(NO3)2 (see Section 3. Materials and Methods). These conditions probably produced a more homogeneous deposition of the palladium on the ceria surface, facilitating a better oxidation during the calcination process. Only one palladium oxide species was detected in the sample as discussed in the X-ray photoelectron spectroscopy (XPS).



2.1. Characterization


X-ray Diffraction (XRD) pattern of the CeO2-NR support showed the reflections of pure cubic fluorite CeO2 at 2θ about 28.5° (111), 33.1° (200), 47.5° (220), 56.4° (311), 59.2° (222), 69.5° (400), and 79.1° (420), (Joint Committee on Powder Diffraction Standards (JCPDS) card 81-0792) (Figure 1). The cubic cell size, “a” parameter, was 5.408 Å, and the average crystallite size calculated from the Size–Strain plot (Figure S1a) was about 13 nm (Table 1). The XRD pattern of the PdOx/CeO2-NR sample showed only the reflections assigned to CeO2, with the same position and nearly the same full width at half maximum (FWHM) of CeO2-NR support, corresponding to an average crystallite dimension of about 12 nm (Figure S1b); an unvaried size cell of 5.405 Å indicates that the Pd-loading process did not affect the crystallite structure (Figure 1, Table 1), excluding the solution of Pd into CeO2 crystal lattice. The absence of the PdOx diffractions is due to the low content. However, the most intense peak of PdO is expected at 33.8° (101), very close to the (200) reflection of CeO2, and so it might be hardly revealed.



The morphology and chemical composition of the pure ceria support and the PdOx/CeO2-NR catalyst were analyzed by field-emission scanning electron microscopy/energy-dispersive spectroscopy (FE-SEM/EDS). The FE-SEM images of CeO2-NR and PdOx/CeO2-NR showed a rod-like morphology (length to width ratio above 5 with a uniform and well-developed structure (Figure 2)), suggesting that palladium deposition did not affect the morphology of the ceria support. No evidence of palladium particles was observed, suggesting that the metal oxide particles could be well-dispersed. The EDS analysis of PdOx/CeO2-NR measured 2.01 ± 0.07 wt.% of palladium in the sample, in good agreement with the nominal 2.00 wt.% metal content.



Brunauer–Emmett–Teller (BET) surface area of pure CeO2-NR was 94 m2 g−1. The palladium deposition caused a decrease of the support surface area down to 68 m2 g−1 (Figure 3 and Table 1).



CeO2-NR pure support and PdOx/CeO2-NR catalyst both showed N2 adsorption–desorption curves Type V, with hysteresis loops H1-Type for CeO2-NR and H2(b)-Type for the PdOx/CeO2-NR catalyst by IUPAC classification [24]. Both these features are characteristic of a well-developed and uniform mesoporous morphology (Figure 3a). In addition, the H2(b)-Type shape is associated with the blocking of pores, with a large distribution of neck widths. Barrett–Joyner–Halenda (BJH) pore size distributions (PSD) of both samples were in the range of 1.5–100 nm, centered at 40.3 nm for pure CeO2-NR, and at 16.1 nm for the PdOx/CeO2-NR catalyst (Figure 3b). The corresponding average pore diameter was 19 nm for pure CeO2-NR and decreased down to 16 nm for the PdOx/CeO2-NR sample; in agreement, the corresponding total pore volume decreased from 0.40 down to 0.26 cm3 g−1 (Table 1). As expected, the addition of palladium oxide on the surface causes a decrease of surface area, pore size, and pore volume of the material, suggesting a partial occlusion of ceria pores.



The XPS analysis of PdOx/CeO2-NR showed that there was only one Pd species on the surface of ceria, with Pd 3d5/2 component at almost 338 eV binding energy (BE; Figure 4), a binding energy value indicative of oxidized palladium (PdOx, x > 1), similar to the PdOx component observed in PdOx/CeO2-NR in our previous work [5]. However, here the PdOx is the only palladium species detected on the CeO2-NR, whereas, in the catalyst of our previous work, 10% PdO was present as well. In addition, the palladium atomic ratio i.e., Pd/(Pd + Ce) on the surface of PdOx/CeO2-NR was 10.3%.



Ce3d spectra of the sample is as expected, extremely complicated, due to the different components arising by Ce(III) and Ce(IV) ions. By following a peak-fitting procedure, five spin orbit pairs related to Ce3d were individuated, and the resulting components were associated to the different ions by comparison with literature data [25,26], as reported in detail in Table 2. The Ce(III)/Ce(IV) atomic ratio was estimated at about 1:1 (Ce(III) percentage = 52%, Ce(IV) percentage = 48%), significantly higher than the 24% Ce(III) of the catalyst of our previous study [5], suggesting enhanced oxygen vacancy on the support.



H2-TPR experiment was performed to obtain information about the homogeneity of PdOx species on the surface, and to test the redox properties of Ce(III)/Ce(IV) couple, that determines the oxygen storing capacity of the ceria surface. The reduction was conducted from 40 °C to 500 °C, to limit the sintering of CeO2 and Pd at higher temperatures. The pure support CeO2-NR showed an intense reduction peak, starting at about 250 °C with a maximum at about 450 °C, assigned to the reduction of Ce(IV) to Ce(III) on the surface of ceria (Figure 5). The total consumption of hydrogen corresponded to a ratio of exchanged electrons for Ce atom (e-/Ce) equal to 0.178, related to the reduction of 17.8% of the nominal content of CeO2 (Table 3). The PdOx/CeO2-NR catalyst showed a hydrogen consumption below 60 °C, and an intense broad peak in the range of 100–300 °C, with two components at 140 °C and 215 °C, and a very weak hydrogen consumption in the range of surface ceria reduction (250–500 °C) (Figure 5). The TPR profile of PdOx/CeO2-NR did not show a negative peak, observed by many authors in the temperature range of 50–100 °C due to the decomposition of PdHx species [5,27]. The formation of PdHx species has been related to the presence of larger Pd particles [27,28].



The reduction temperatures reported in the literature for PdOx/CeO2 catalysts with a similar Pd loading are in a very wide temperature range, depending on the preparation method and on the calcination temperature. PdOx reduction was observed at low temperature: in the range (–13)–(–23) °C [27], 30–64 °C [29,30], 20–160 °C [31], 50–200 °C [32], and 130–257 °C [28,33]. The presence of several peaks at different temperatures was attributed by the authors to the reduction of PdOx species with different support interaction and/or different particle dimensions, but in the latter case there is no total agreement between the authors. Based on the literature data, the three peaks at about T < 60 °C, T = 140 °C, and T = 215 °C, observed for PdOx/CeO2-NR of this study, are attributed to the reduction of PdOx species with increasing dispersion and increasing strength of the interaction with the support [32], and to the reduction of the Ce(IV) to Ce(III) promoted by palladium at lower temperature. The total consumption of hydrogen in the range 40–300 °C corresponds to a ratio of exchanged electron for palladium atom e-/Pd= 1.87. The very weak H2 consumption in the range 300–500 °C, corresponds to the reduction of only about 0.64% of the nominal content of CeO2 to Ce(III) (Table 3). Furthermore, it is important to consider the occurrence of the hydrogen spill-over phenomena, likely present on noble metal supported on ceria, causing difficulty in peak attribution and hydrogen consumption larger than the stoichiometric amount. The e-/Pd value lower than two, together with the profile shape in range 40–60 °C, that evidences a hydrogen consumption at 40 °C, both suggest that a fraction of PdOx was reduced during the initial thermal conductivity detector (TCD) stabilization step at T = 40 °C, consisting of a H2 flow throw the sample for 40 min. The TPR characterization shows that the Pd strongly influences the redox properties of ceria surface, promoting the ceria reduction at very lower temperature, lower than that observed in the previously studied Pd-CeO2-NR sample [5], and reinforcing the evidence that PdOx is highly dispersed and strongly interacting with the surface.




2.2. Catalytic Tests


In the literature, BnOH oxidation in solvent free conditions on various supported Pd(0) nanocatalysts gave different results from the 19.8% conversion (97.8% selectivity) on layered hydroxides [10] to the 89.9% conversion (63.7% selectivity) of functionalized crystalline Pd nanoparticles on nanoporous CeO2 [8].



Different studies have evidenced that Pd(0) is more reactive as a catalyst than PdO [20]. However, in presence of CeO2, Pd(0) can be rapidly oxidized to PdO by oxygen [34]. Considering that in solvent-free reactions the high concentration of alcohol can initiate the reduction of the palladium oxide, as in presence of propyl alcohol at temperatures higher than 90 °C [23], the catalyst prepared in this research was not pre-reduced but used in oxide form. The oxidation reactions (Table 4) were performed in solvent-free conditions, in presence of PdOx/CeO2-NR as catalyst and benzophenone as internal standard, keeping the temperature at 100 °C (unless otherwise specified) and the air flow at 5 mL min−1 for 18 h. The reactants were identified by gas chromatography-mass spectrometry (GC-MS) and were quantified via high-performance liquid chromatography (HPLC). In the blank experiment in which CeO2-NR was used as catalyst, no BnOH conversion occurred after 18 h. The results of the oxidation of BnOH derivatives are reported in Table 4. BnOH conversion was 50% with 93% PhCHO as product. Neither toluene nor benzoic acid were detected, and the only secondary product was benzyl benzoate, probably derived from the acid esterification by concentrated BnOH.



The catalytic activity of PdOx/CeO2-NR was also analyzed in the presence of various BnOH derivatives. In the same reaction conditions, presence of EDG on the para position of the aromatic ring led to an increase in substrate conversion with a slight decrease in the selectivity towards the aldehydic product. In case of 4-methoxybenzyl alcohol and 4-methylbenzyl alcohol (entry 2 and 6, Table 4), the conversion raised up to 70% and 66% respectively, with 86% and 81% selectivity towards the corresponding 4-methoxy- and 4-methylbenzaldehyde. On the contrary, in the oxidation of 4-phenoxybenzyl alcohol, a decrease in conversion and an improvement of selectivity was observed (62% and 94%, respectively, entry 8, Table 4). This last result could be attributable to the presence of a second aromatic ring that could compete with the adsorption of the benzyl ring on the active sites of the catalyst surface.



In the case of 3-methoxybenzyl alcohol (entry 3, Table 4) the reactivity decreases in comparison with the reference 4-methoxy isomer. It can be assumed that the stabilizing contribution to the rate-determining transition state is more relevant if the EDG is in a resonance position. With 3,4-dimethoxybenzyl alcohol the two different effects produced a small decrease in conversion respect to 4-methoxyderivative, maintaining the high selectivity towards the aldehydic product (entry 4, Table 4).



If the substituent is in the ortho position, as in the 2-methoxy- and 2-methyl-derivatives, the steric hinderance of the group seemed more influential than the electron donating effect; therefore, the substrate hardly reacted (<3% conversion, entry 5 and 7, respectively, Table 4). These effects of hinderance have already been highlighted by Kara et al. [35] in the oxidation of 4-methoxy- and 2-methoxybenzyl alcohol using perlite/V2O5 nanospheres catalyst with yields of 92% and 70% respectively.



In the oxidation of highly reactive 4-hydroxybenzyl alcohol (at 130 °C), the fast decrease of the substate concentration did not lead to a concurrent enhancement of the concentration of aldehydic product (entry 9, Table 4). Instead, in the HPLC analyses a big peak appeared at higher retention times. Probably, in solvent-free conditions, a parallel reaction could have occurred between the highly concentrated unreacted substrate and the corresponding aldehyde leading to polymerization products, easily visible after purification as sticky materials, which could result from the acetalization process.



Acidic work-up conditions used to revert the formation of these secondary products permitted the isolation of a derivative that, after partial chromatographic purification and GC-MS analysis, proved to be a mixture of 4-hydroxybenzaldehyde and a dimer.



On the contrary, the oxidation of BnOH derivatives containing EWG were unsuccessful by PdOx/CeO2-NR, as observed for 4-nitrobenzyl alcohol and methyl(4-hydroxymethyl)benzoate, with less than 3% conversion (entry 10 and 11, Table 4).



In the end, 4-(benzyloxy)phenol (entry 12, Table 4) as a model compound of lignin structures was tried with PdOx/CeO2-NR in solvent free conditions at 130 °C. The HPLC analysis showed that 31% of the substrate was converted after 18 h. A small amount of PhCHO and bigger amounts of two other oxidation products were detected, suggesting the partial breakage of the C–O bond. This last result is particularly significative because it is generally difficult to break the ether bond at ambient pressure which is extremely useful in lignin degradation and its waste valorization [36]. Further studies are underway to fully identify the products and extend the use of this catalyst in lignin depolymerization.




2.3. Mechanistic Aspects


Even if many research groups have studied the mechanism of BnOH oxidation [2], only a few articles have dealt with the effect of EWG or EDG on the reactivity [4,19,35,37,38]. The reactions performed with different benzyl alcohol derivatives help to hypothesize on the reaction mechanism. In general, the effect of the substituents is more evident in heterolytic reactions where an ion stabilizing effect is more influential. In solvent-free reactions with PdOx/CeO2-NR as catalyst, the use of PdOx and high concentration of alcohol produced an environment more polar than the toluene solvent generally used in similar reactions. BnOH is absorbed on PdOx through the dissociation of its OH bond as already demonstrated by various research groups [2,13]. Then, the oxygen acts directly as hydrogen abstractor producing the oxidation to aldehyde of the alkoxide bound and the concurrent reduction of palladium to a lower oxidation state after the release of the adsorbed hydrogen as water [39]. This is observable during the reaction where the catalyst color changes from light brown of the PdOx/CeO2 to a dark grey due to the presence of Pd(0) (Figure S2). In fact, the massive amount of the benzylic alcohol derivative present in the reaction can facilitate the in situ reduction of PdOx to Pd(0) as previously demonstrated by Jürgensen in BnOH oxidation by PdO/TiO2 catalyst [23]. XPS measurements carried out on the “used” PdOx/CeO2-NR sample, recovered from the catalytic reaction on BnOH, confirmed this hypothesis, showing the presence of approximately 30% reduced Pd(0) atoms, assigned to the low BE signal (Pd 3d5/2 BE = 335.42 eV) in Figure 6. The signal at higher BE is attributed to unperturbed PdOx species [40].



The contemporary presence of the more reactive produced Pd(0) then activates a faster catalytic process in which Pd(0) and PdOx can catalyze synergistically the benzyl alcohol oxidation as recently demonstrated by Zhe Wang et al. on a similar ceria-based catalyst [39].



The oxygen flow partially re-oxidizes the Pd(0) to PdOx leading to an equilibrium between the two redox species. It is likely that CeO2-NR facilitates this equilibrium.



The recyclability tests performed on the catalyst (Table 5) not only confirmed the stability of the Pd(0)/PdOx redox couple on CeO2-NR but underlined the increased reactivity of the catalyst used in subsequent runs.



As regards the different reactivity of the BnOH derivatives with respect to the data of Xin et al. [4], this could be attributed to the presence of PdOx catalyst instead of only metallic palladium.



Furthermore, when compared with other solvent free processes [4,38,41], the higher PdOx/CeO2-NR reactivity difference in substrates containing EDG on the aromatic ring as compared to those with EWG could be attributed to an ionic transition state facilitated by the presence of palladium oxide and the polar environment. In these conditions, groups that can donate electrons during the rate determining hydride abstraction enhance the BnOH conversion while electron withdrawing groups on the aromatic ring strongly slow down the process.





3. Materials and Methods


Benzyl alcohol ≥ 99%, 4-methoxybenzyl alcohol 98%, 2-methoxybenzyl alcohol 99%, 3-methoxybenzyl alcohol 98%, 3,4-dimethoxybenzyl alcohol 96%, 2-methylbenzyl alcohol 98%, 4(benzyloxy)phenol 98%, palladium(II) nitrate solution (10 wt.% in 10 wt.% nitric acid; 99.999% trace metal), cerium(III) nitrate hexahydrate (≥99.0% trace metal basis), acetonitrile (for HPLC, gradient grade, >99.9%), ethanol (for HPLC, ≥99.8%), and Whatman®® quantitative filter paper (ashless, Grade 42) were purchased from Sigma Aldrich (Darmstadt, Germany). 4-methylbenzyl alcohol 99%, 4-phenoxybenzyl alcohol 97%, 4-hydroxybenzyl alcohol 99%, 4-nitrobenzyl alcohol 99%, methyl(4-hydroxymethyl)benzoate 99% were bought from Alfa Aesar (Kandel Germany). Ethyl acetate, diethyl ether, NaOH (for analysis-ACS-ISO) were purchased from Carlo Erba (Cornaredo, Italy). Benzophenone (>99%) was bought from Fluka (Buchs, Switzerland).



The PdOx/CeO2-NR catalyst was prepared according to our previously published work [5] but with changing the palladium precursor from Alfa Aesar solid Pd(NO3)2∙2H2O solubilized in HNO3 solution to Sigma Aldrich Pd(NO3)2 solution. The CeO2-NR was prepared by hydrothermal treatment of Ce(NO3)3·6H2O at high pH and at 100 °C. Cerium nitrate hexahydrate, 1.300 g, was dissolved in 20.0 mL distilled water and then mixed in a Teflon bottle with an alkali solution of 14.400 g sodium hydroxide in 40.0 mL distilled water. After 30 min stirring, the Teflon bottle was inserted in a stainless-steel autoclave vessel and put in an oven at 100 °C for 24 h. Then the obtained precipitate was vacuum filtered, washed with distilled water and ethanol. To fully evaporate the remaining solvent, the solid was left in the oven overnight at 120 °C. Finally, the prepared solid was uniformly milled and then calcined at 400 °C for 5 h, resulting in the light-yellow ceria powder (Figure S2a). The prepared ceria support was then used in a wet impregnation process aiming at the deposition of 2.00 wt.% palladium. For this, 10.0 mL of Pd(NO3)2·2H2O commercial solution was added drop by drop to 1.000 g of CeO2-NR in a 50 mL flask maintaining the temperature at 60 °C for 2 h under stirring. Then, using a rotavapor, the water was removed and the solid was dried in the same drying condition of ceria support. Finally, the dried solid was milled and calcined at 500 °C for 5 h to acquire the PdOx/CeO2-NR with light brown color (Figure S2b).



XRD patterns were recorded using a Scintag X1 diffractometer (Scintag Inc., San Francisco, CA, USA) equipped with a Cu Kα (λ = 1.5406 Å) source and the Bragg–Brentano θ–θ configuration in the 2θ = 10–80 range, with 0.05° step increment and 3 s acquisition time. The CeO2 crystallite size was estimated from the Size–Strain plot, as reported in [42]. The “a” lattice parameter of ceria was calculated from the eight XRD reflections by Equation (1):


  a    Ǻ  =  λ  2 s i n   θ        h 2  +  k 2  +  l 2     



(1)







The morphologies of CeO2-NR and the PdOx/CeO2-NR were investigated via a Zeiss Sigma 300 VP-FESEM apparatus (20 kV accelerating voltage, 4.0 mm working distance; Carl Zeiss Microscopy, Jena, Germany), equipped with a high-resolution secondary electron in-lens detector, and with EDS. The powder samples were dispersed in isopropyl alcohol followed by 15 min ultrasonication. A thin graphite film was used to place a tiny droplet of sample suspension with approximately 20 μL volume on the sample holder. The EDS analysis was performed in six different areas, and the Pd wt.% was obtained as the mean value.



The N2 adsorption-desorption isotherms at 77 K were obtained using a Micrometrics Gemini V apparatus (Micromeritics Instrument Corporation, Norcross, GA, USA). Before the N2 adsorption, the surface was degassed with flowing He at 350 °C for 2 h. The surface area was calculated by the BET method in equilibrium pressure range p/p° = 0.05–0.20. The PSD was calculated by the BJH method from the desorption isotherm; the total pore volume was calculated from the maximum adsorption point p/p° = 0.98; the average pore diameter was calculated as (diameter = 4 × Pore Volume/Surface Area) assuming a cylindrical shape of pores.



X-ray Photoelectron Spectroscopy measurements were carried out in an X-ray photoelectron spectrometer of our own construction (home-made instrumentation) with a dual-anode Mg/Al X-ray source, at Mg K-alpha Photon Energy. Measurements were carried out in UHV, and typical vacuum pressure in the analysis chamber during measurements was in the 10−9–10−10 Torr range. Photoelectrons emitted by C1s, O1s, Pd3d, and Ce3d core levels were detected. BEs are reported after correction for charging using the aliphatic C1s as a reference (BE 285.0 eV) [43]. Core level spectra were fitted with a polynomial background and Gaussian peak functions [44,45]. The XPS spectra plotted with peak fitting residuals are reported in Figure S3.



The temperature programmed reduction with hydrogen (H2-TPR) was performed by a Thermo Scientific TPDRO1100 (Thermo Fisher Scientific, Waltham, MA, USA) flow apparatus. The H2 consumption was measured by a TCD calibrated by the reduction of a known mass of CuO (purity 99.99%). A soda lime trap removed the H2O produced before flowing into the TCD. The sample (0.100 g) was pre-treated in a flow (20 cm3 min−1) of 10% O2/He mixture at 400 °C for 30 min, and then cooled down. The H2-TPR experiment was conducted flowing 30 cm3 min−1 of 5% H2/Ar mixture. The TCD signal was stabilized flowing the mixture at 40 °C for 40 min and then the temperature was increased up to 500 °C with a heating rate of 10 °C min−1; the final temperature was maintained for 60 min.



Catalytic activity of PdOx/CeO2-NR, for solvent-free aerobic oxidation of BnOH derivatives was assessed in a 5 mL two-neck round bottom flask, equipped with reflux condenser and gas inlet and thermometer. A total of 5 mmol of substrate was added to the reaction flask (pre-heated in a silicon oil bath). After the temperature of the substrate was stabilized at the desired value (130 °C for 4-hydroxybenzyl alcohol and 4-(benzyloxy)phenol due to their high melting point; 100 °C for the rest of the substrates), 5 mg of PdOx/CeO2-NR was added to the flask and 5 mL min−1 air flow was bubbled above the reactants. The reactants were constantly stirred during the reaction (500 rpm) to avoid the mass transfer restrictions. The reactions continued for 18 h. Benzophenone was used as internal standard. The conversion of BnOH derivatives, and the selectivity of desired (aldehydic) products are defined in Equations (2) and (3) below:


  C o n v e r s i o n    %  =   m o l e s   o f   s u b s t r a t e   r e a c t e d   i n i t i a l   m o l e s   o f   s u b s t r a t e     × 100  



(2)






  S e l e c t i v i t y    %  =   m o l e s   o f   d e s i r e d   p r o d u c t   m o l e s   o f   s u b s t r a t e   r e a c t e d   × 100  



(3)







Acetonitrile was used to dilute the reactants before being analyzed. The substrates and products were identified by means of GC-MS (Shimadzu VG 70/250S; Kyoto, Japan), using Supelco SLB™ column (30 m, 0.25 mm, and 0.25 µm film thickness; Bellefonte; PA, USA). The program of analysis started at 50 °C for 4 min and then the oven was heated by a 10 °C/min temperature gradient until reaching 250 °C for 10 min. The injector temperature was 250 °C.



A HPLC/autosampler/vacuum degasser system (1260 Infinity II, Agilent, Santa Clara, CA, USA) was used for evaluating the results of reactions. The separation was performed on a Luna C18 100 Å column (4.6 × 150 mm; 5 µm; Phenomenex®, Torrance, CA, USA). The mixture of water and acetonitrile (phase A and B respectively) was utilized as the mobile phase, starting from 30% acetonitrile which was linearly increased to 100% within 20 min (flow rate 1 mL min−1).



The catalyst “used” in BnOH oxidation was recovered after the reaction by vacuum filtration, followed by washing with acetonitrile and drying under vacuum in room temperature. The sample was kept in a sealed container before being analyzed by XPS.




4. Conclusions


PdOx/CeO2-NR was prepared through wet Ce(NO3)3·6H2O impregnation process using commercial Pd(NO3)2 solution, and subsequent calcination. The Pd-loading process does not affect the crystallite structure and size of CeO2-NR support (excluding any solution of Pd into CeO2 lattice). As expected, the addition of palladium oxide on the surface causes a decrease of surface area, pore size, and pore volume of the material, suggesting a partial occlusion of ceria pores by PdOx. The TPR suggests that PdOx is highly dispersed and strongly interacting with the ceria surface, influencing the ceria redox properties. The XPS evidenced that PdOx is the only metal oxide species on the ceria surface.



The PdOx/CeO2-NR, used without pre-reduction, catalyzed the solvent free reactions on benzyl alcohol and its derivatives containing EDG with good to high conversion and selectivity. Derivatives with EWG did not react in these conditions. The more polar environment of the reaction due to the presence of BnOH and the use of PdOx probably facilitates an ionic mechanism that could explain the high difference of reactivity between substrates containing ERG and EWGs.



During the reaction the in situ partial reduction of the palladium oxide produces a Pd(0)/PdOx/CeO2-NR redox couple stable in the oxidizing condition. We hypothesize that ceria facilitates the redox couple generation and stabilization. The newly formed palladium redox couple was stable in the subsequent runs and even more reactive, confirming the synergistic effect of the simultaneous presence of Pd(0) and PdOx in the catalytic process.
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Figure 1. X-ray diffraction (XRD) patterns of the CeO2-NR and PdOX/CeO2-NR samples. 
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Figure 2. Field-emission scanning electron microscopy (FE-SEM) of (a) CeO2-NR and (b) PdOx/CeO2-NR. 
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Figure 3. Brunauer–Emmet–Teller (BET) analysis of the CeO2-NR and PdOx/CeO2-NR samples: (a) nitrogen adsorption–desorption isotherms as a function of the relative pressure p/p°; (b) Barrett–Joyner–Halenda (BHJ) pore size distributions (PSD). 
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Figure 4. X-ray photoelectron spectroscopy (XPS) spectra of (a) Pd 3d region, (b) Ce 3d region for PdOX/CeO2-NR. 
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Figure 5. Temperature programmed reduction (H2-TPR) profiles of the CeO2-NR and PdOx/CeO2-NR samples. 
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Figure 6. Pd 3d XPS spectrum of “used” PdOx/CeO2-NR. The catalyst was recovered after BnOH oxidation, washed with acetonitrile, dried under vacuum at lab temperature, and kept in a sealed container before XPS analysis. 
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Table 1. Crystallite size and cell parameters of CeO2 and textural properties of samples.
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	Sample
	CeO2

Crystallite Size

(nm)
	CeO2

Cell Size

(Å)
	Surface Area

(m2 g−1)
	Average

Pore Diameter

(nm)
	Total Pore

Volume

(cm3 g−1)





	CeO2-NR
	13
	5.408 ± 0.001
	94
	19
	0.40



	PdOx/CeO2-NR
	12
	5.405 ± 0.003
	68
	13
	0.26
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Table 2. Binding energy (BE) and full width at half maximum (FWHM) values and proposed assignments for the PdOx/CeO2-NR catalyst.
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	Signal
	BE (eV)
	FWHM (eV)
	Assignment





	Ce3d5/2
	882.59
	3.87
	Ce(III)



	-
	885.20
	3.87
	Ce(IV)



	-
	887.24
	3.87
	Ce(III)



	-
	891.14
	3.87
	Ce(IV)



	-
	898.72
	3.87
	Ce(IV)



	Pd3d5/2
	338.16
	2.76
	PdOx
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Table 3. Redox properties by H2-TPR analysis: hydrogen consumption and reduction degree of Pd and Ce.
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	Sample
	H2 Consumption

in Range 40–300 °C

(μmol g−1)
	e−/Pd

(mol/mol)
	H2 Consumption

(T Range)

(μmol g−1)
	Ce(III)

(%)





	CeO2-NR
	-
	-
	518 (250–500 °C)
	17.8



	PdOx/CeO2-NR
	175
	1.87
	19 (300–500 °C)
	0.64
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Table 4. Substrates and reaction results of catalytic oxidation of benzyl alcohol (BnOH) derivatives and 4-(benzyloxy)phenol.
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	Entry
	Reactant
	Conversion (%)
	Aldehyde

Selectivity (%)





	1
	 [image: Catalysts 13 00005 i001]
	50
	93



	2
	 [image: Catalysts 13 00005 i002]
	70
	86



	3
	 [image: Catalysts 13 00005 i003]
	46
	97



	4
	 [image: Catalysts 13 00005 i004]
	52
	90



	5
	 [image: Catalysts 13 00005 i005]
	<3
	>97



	6
	 [image: Catalysts 13 00005 i006]
	66
	81



	7
	 [image: Catalysts 13 00005 i007]
	<3
	>97



	8
	 [image: Catalysts 13 00005 i008]
	62
	94



	9
	 [image: Catalysts 13 00005 i009]
	>97
	<3



	10
	 [image: Catalysts 13 00005 i010]
	<3
	>97



	11
	 [image: Catalysts 13 00005 i011]
	<3
	>97



	12
	 [image: Catalysts 13 00005 i012]
	31
	<3







Reaction conditions: 5 mmol substrate, 5 mg PdOX/CeO2-NR, 5 mL min−1 air flow, 18 h at 100 °C (exceptions: entry 9 and 12 at 130 °C). Benzophenone was used as an internal standard. Conversion and selectivity are calculated using high-performance liquid chromatography (HPLC).
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Table 5. Recyclability test of PdOX/CeO2-NR catalyst in BnOH to benzaldehyde (PhCHO) oxidation.
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	Reaction Cycle
	BnOH Conversion %
	PhCHO Selevtivity %





	1
	51
	94



	2
	61
	89



	3
	60
	90







Reaction conditions: 5 mmol substrate, 5 mg PdOX/CeO2-NR, 5 mL min−1 air flow, 18 h at 100 °C. Conversion and selectivity are calculated using HPLC.
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