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Abstract: In the present study, the catalytic activity of palladium oxide (PdOx) supported on ceria
nanorods (CeO2-NR) for aerobic selective oxidation of benzyl alcohol (BnOH) to benzaldehyde
(PhCHO) was evaluated. The CeO2-NR was synthesized hydrothermally and the Pd(NO3)2 was
deposited by a wet impregnation method, followed by calcination to acquire PdOx/CeO2-NR.
The catalysts were characterized by X-ray diffraction (XRD), temperature programmed reduction
(TPR), transmission electron microscopy (TEM), Brunauer–Emmet–Teller (BET) surface area
analysis, and X-ray photoelectron spectroscopy (XPS). In addition, the TPR-reduced PdOx/CeO2-NR
(PdOx/CeO2-NR-Red) was studied by XRD, BET, and XPS. Characterizations showed the formation
of CeO2-NR with (111) exposed plane and relatively high BET surface area. PdOx (x > 1) was
detected to be the major oxide species on the PdOx/CeO2-NR. The activities of the catalysts in
BnOH oxidation were evaluated using air, as an environmentally friendly oxidant, and various
solvents. Effects of temperature and palladium oxidation state were investigated. The PdOx/CeO2-NR
showed remarkable activity when protic solvents were utilized. The best result was achieved using
PdOx/CeO2-NR and boiling ethanol as solvent, leading to 93% BnOH conversion and 96% selectivity
toward PhCHO. A mechanistic hypothesis for BnOH oxidation with PdOx/CeO2-NR in ethanol
is presented.
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1. Introduction

The catalytic activity of supported noble metals not only showed dependence on the properties of
metal particles [1–3] but may also depend on the type and characteristics of the chosen support [4].
Higher surface area of the nanostructure supports might help with better dispersion of the metal, and
if a strong affinity between support and particles occurs, low metal leaching can be achieved. The
nature of the support can also affect the electronic structure of the metal and/or, modify the catalytic
reaction by itself [5–7].

Benzaldehyde (PhCHO) is considered a critical fine and intermediate chemical [8]. Oxidation of
toluene and hydrolysis of benzal chloride are common ways of PhCHO production; but in the former
the selectivity is low, and the latter leads to undesirable chlorine contamination [9]. PhCHO can be
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produced from catalytic oxidation of benzyl alcohol (BnOH) using environmentally friendly oxidants
such as air or O2, which are advantageous over the expensive and toxic stoichiometric oxidants such
as chromium and manganese salts [10]. The oxidation can proceed through PhCHO to benzoic acid
(PhCOOH) as the final product [11] (Scheme 1); therefore, it is crucial for a catalytic system to show
high PhCHO selectivity.
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Scheme 1. Oxidation of benzyl alcohol (BnOH) to benzaldehyde (PhCHO) and final benzoic acid
(PhCOOH).

Utilizing noble metals to catalyze aerobic oxidation of BnOH to PhCHO is widely investigated.
For instance, ruthenium [12–14] and gold [15–19] are proved to be efficient catalysts for selective BnOH
oxidation. In 1977, palladium-catalyzed oxidation of alcohols by molecular oxygen was performed for
the first time [20]. More recently, palladium nanoparticles in BnOH to PhCHO oxidation with air or
O2 were studied on various supports [21–26]. Supported bimetallic Au/Pd nanoparticles have been
investigated [27–32] as well.

CeO2 is a reductive oxide, efficient as support for metals such as Pd, Pt, and Au to catalyze
reactions such as amination of alcohols [33] and oxidation of CO [34] and alcohols [35]. The reason is
the enhanced surface area and high amount of surface-active sites (oxygen vacancies) on nano ceria
in comparison with other common supports [35–37]. The CeO2 support with different morphologies
such as nanorod, nanocube, or nano-octaedron may differently effect the catalytic performances, as
observed for lean methane combustion over palladium ceria catalysts [38] and in BnOH oxidation
over palladium supported on CeO2 truncated octahedra and cubes [39]. Cu or Ni supported on ceria
nanorods (CeO2-NR) led to a higher activity compared with other support morphologies; in particular,
the nanorod morphology showed better activity in the CO oxidation [40], in the dry reforming of
methane [41], and in the synthesis of dimethyl carbonate from methane and methanol [42]. Zhang et al.
reported that the bimetallic Au/Pd supported on CeO2-NR showed remarkable catalytic activity and
selectivity in BnOH oxidation using molecular oxygen [37]. The catalytic activity of reduced palladium
single atoms supported on different ceria morphologies, namely nanocube, nanorod, and truncated
octahedron, in BnOH oxidation using molecular oxygen as oxidant was investigated by Xin et al. [43].
The best result was achieved using CeO2-NR as support, leading to 26.6% BnOH conversion and 100%
PhCHO selectivity. This result was slightly higher than that achieved using truncated octahedral CeO2

as support (~24% BnOH conversion), even though both CeO2 morphologies exposed the (111) plane,
which has a synergy with palladium for catalyzing selective BnOH oxidation [43]. The catalysts were
reduced at the final stage of preparation, but as shown in the work of Tan et al., keeping palladium in
metallic state on CeO2-NR is a problematic task [44].

The aim of the present research work was to investigate the activity of the oxidized palladium
supported on CeO2-NR for the BnOH oxidation, considering that most research works on
palladium/ceria catalysts in BnOH oxidation were focused on reduced palladium. For this purpose,
we prepared an oxidized palladium supported on ceria nanorods (PdOx/CeO2-NR) catalyst (2 wt.%
Pd) and studied its catalytic activity and its PhCHO selectivity in aerobic BnOH oxidation. Structural,
morphological, and redox properties of the synthetized materials were studied, together with the
effects of temperature and solvent on the catalytic activity. Finally, the activity of PdOx/CeO2-NR
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was compared with that of reduced PdOx/CeO2-NR (PdOx/CeO2-NR-Red), and mechanistic aspects
are discussed.

2. Results and Discussion

2.1. Catalyst Characterization

The synthesized samples were studied by X-ray diffraction (XRD) and their patterns are shown in
Figure 1. The CeO2-NR showed the main reflections of pure cubic fluorite structure of CeO2 (Joint
Committee on Powder Diffraction Standards (JCPDS) card 81-0792) [45], with the average crystallite
size of 23.3 nm and cubic cell size of 0.5419 nm (Table 1). The XRD pattern of the PdOx/CeO2-NR
sample showed peaks assigned to CeO2 having almost the same position, intensity, and full width at
half maximum (FWHM) of CeO2-NR, indicating no effect of Pd-loading on the particle size and on
the crystal structure of CeO2 (Table 1). No peaks of PdO phase were observed, suggesting that PdO
is highly dispersed or that the PdO loading was below the detection limit of XRD. In addition, the
most intense peak of PdO, expected to be very close to the (200) reflection of CeO2, may be hardly
distinguishable. The XRD pattern of the PdOx/CeO2-NR-Red, reduced by H2 up to 500 ◦C, was very
similar to that of CeO2, with no remarkable changes in crystal structure or particle size (Table 1),
indicating that ceria was unaffected by the reduction process. No peaks of metallic palladium (Pd0)
were observed, suggesting that it was well dispersed or not detectable [46,47].
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Figure 1. X-ray diffraction (XRD) patterns of the samples: (a) ceria nanorods (CeO2-NR), (b)
PdOx/CeO2-NR, and (c) reduced PdOx/CeO2-NR (PdOx/CeO2-NR-Red).

Table 1. Textural properties and CeO2 cell size of the samples.

Sample Surface Area
(m2 g−1)

Total Pore
Volume

(cm3 g−1)

Average
Pore Diameter

(nm)

CeO2
Crystallite Size 1

(nm)

CeO2
Cell Size, a 1

(Å)

CeO2-NR 116 0.40 19 23.3 5.419
PdOx/CeO2-NR 88 0.30 16 21.8 5.419
PdOx/CeO2-NR-Red 93 0.32 12 22.4 5.414

1 By XRD analysis.
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A H2-TPR experiment was performed to analyze the reducibility and the oxygen storing capacity
of PdOx/CeO2-NR. The reduction was conducted up to 500 ◦C and maintained at the final temperature
for 1 h, to avoid any sintering of ceria and of Pd at higher temperatures. H2-TPR profiles of CeO2-NR
and PdOx/CeO2-NR are reported in Figure 2. The profile of the pure CeO2-NR shows a broad reduction
feature with onset at about 300 ◦C, increasing up to 500 ◦C, assigned to Ce4+

→ Ce3+ reduction on the
surface of ceria [48,49].
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Figure 2. Temperature programmed reduction (H2-TPR) profiles of the samples: CeO2-NR and
PdOx/CeO2-NR.

TPR profile of PdOx/CeO2-NR showed several peaks: A negative peak at 90 ◦C, a broad peak in
range 100–250 ◦C, with two maxima at 147 and 190 ◦C and a peak in temperature range 250–475 ◦C
with a maximum at 360 ◦C. The negative peak at 90 ◦C is assigned to the hydrogen released by the
decomposition of Pd hydride phase formed by the reduction of some palladium oxide at the early stage
of the TPR measurement [33,50–52]; a similar negative peak was observed in previous works [50,53]
and its position depended on preparation method and on the amount of Pd supported on ceria [54].
The broad peak in the range 100–250 ◦C is assigned to reduction of palladium oxide to Pd0 and is
in agreement with the reduction temperature range (70–170 ◦C), observed on the TPR profile of a
catalyst with similar Pd content [55]. The maximum at 190 ◦C might be due to reduction of less
reducible PdOx species in solid solution with CeO2 lattice. The reduction peak at 360 ◦C is due to
surface reduction of ceria that occurs at significantly lower temperature in comparison with the surface
reduction observed at around 500 ◦C in TPR profile of pure CeO2-NR. This shift to lower temperatures
(roughly 140 ◦C) can be explained by the promoting effect of Pd on the surface reduction of ceria
through the hydrogen spill-over [48]. The hydrogen spill-over phenomenon did not permit a correct
quantitative evaluation of the extent of Pd and CeO2 reduction from the TPR peak integration. The
produced PdOx/CeO2-NR-Red from TPR was tested in BnOH oxidation reaction as well.

CeO2-NR and PdOx/CeO2-NR were investigated by TEM and the images are shown in Figure 3.
The CeO2-NR sample showed a uniform well-developed structural anisotropy characteristic of the
rod-like morphology with the average length of 110 nm and the average width of 9 nm (Figure 3a). In
addition, 0.31 nm fringe distances assessed in CeO2-NR and PdOx/CeO2-NR (Figure 3b, d) were in
good agreement with d value of the ceria (111) plane and were the only crystalline planes observed.
In some published researches, (100) and (110) exposed planes are reported for CeO2-NR [38,46,56].
However, palladium supported on the (111) plane of CeO2 seems to have a particular synergy with
the support, showing higher activity and selectivity in methane combustion, CO oxidation, and
BnOH oxidation [38,39,43]. As shown in Figure 3c, after palladium deposition, the average length of
nanorods decreased up to 55 nm. The lack of evidence of palladium particles in the HRTEM images of
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PdOx/CeO2-NR, might be attributable to the high dispersion of palladium oxide species on the surface
of the support, in agreement with XRD analysis.
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Figure 3. Transmission electron microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) images of: (a) and (b) CeO2-NR; (c) and (d) PdOx/CeO2-NR.

Brunauer–Emmett–Teller (BET) analysis was utilized to estimate the surface areas of pure support
CeO2-NR, PdOx/CeO2-NR, and PdOx/CeO2-NR-Red catalysts (Figure 4 and Table 1). The BET surface
area of pure ceria nanorods was 116 m2g−1, comparable to the 106 m2g−1 reported by Wang et al. [46]
for ceria nanorods prepared by the same method. The surface area of PdOx/CeO2-NR was 88 m2g−1,
in agreement with analogous Pd/CeO2 system [44]. As expected, the palladium deposition caused a
decrease of support surface area. The BET surface area of PdOx/CeO2-NR-Red was 93 m2g−1, slightly
higher than the surface area of PdOx/CeO2-NR. This might be attributable to the decrease of the amount
of palladium on the surface or to the decrease of Pd particle size.
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Figure 4. Brunauer–Emmet–Teller (BET) analysis of the catalysts: (a) Nitrogen adsorption and
desorption isotherms as a function of p/p◦; (b) pore-size distributions (PSD).

Pure CeO2-NR and PdOx/CeO2-NR catalysts showed N2 adsorption–desorption curves V-Type,
with H1-Type hysteresis loop for ceria-NR and H2-Type hysteresis loop for PdOx/CeO2-NR catalyst
(International Union of Pure and Applied Chemistry (IUPAC) classification). All these features
are characteristic of well-developed and uniform mesoporous morphology (Figure 4a) but denote
that the palladium oxide addition changed the sample porosimetry. Barrett–Joyner–Halenda (BJH)
pore-size distribution profiles (PSD), reported on Figure 4b, showed a pore distribution in the range
0–100 nm, centered at 40 nm for pure ceria, and narrower PSD profiles centered at about 15–20 nm
for PdOx/CeO2-NR, due to mesopores with very uniform dimension. The average pore dimension
was 19 nm for pure CeO2-NR and 16 nm for the PdOx/CeO2-NR sample (Table 1), suggesting that
the addition of palladium caused a decrease of both pore volume and pore size of the support. The
hysteresis of the PdOx/CeO2-NR-Red sample is at a lower relative pressure P/P0. After the reduction of
the catalyst, a further pore size decrease was observed.

To have a deeper insight of the electronic and chemical properties at the surface of the Pd/Ce-based
catalysts, XPS studies have been performed. Ce 3d spectra of CeO2-NR, PdOx/CeO2-NR, and
PdOx/CeO2-NR-Red are reported in Figure 5. By following a peak-fitting procedure, five spin orbit
pairs related to Ce 3d were individuated, and the resulting components were associated with Ce3+

and Ce4+ ions by comparison with literature data [57,58]. The amount of oxygen vacancy of ceria is
correlated to the amount of Ce3+ [38]. From the peak areas, Ce3+/Ce4+ ratios were calculated, and
the results are reported in Table 2. The Ce3+/Ce4+ ratio for PdOx/CeO2-NR is 0.24, equal to that of
CeO2-NR, and in good agreement with the literature data about calcined CeO2-NR [40], indicating
no effect of Pd loading on the surface Ce3+ concentration. Unexpectedly, the Ce3+/Ce4+ ratio of the
reduced catalyst was 0.22, slightly lower than those of pure ceria and PdOx/CeO2-NR, but in agreement
with literature related to reduced CeO2-NR catalysts [3].
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Table 2. Atomic percent values of palladium species in PdOx/CeO2-NR and PdOx/CeO2-NR-Red,
collected from XPS study.

Catalyst Pd0 % PdO % PdOx (x > 1) % Pd %/(Pd + Ce) Ce3+/Ce4+

CeO2-NR - - - - 0.24
PdOx/CeO2-NR 0 10 90 0.13 0.24
PdOx/CeO2-NR-Red 36.5 0 63.5 0.06 0.22

Photoelectron profiles of PdOx/CeO2-NR and PdOx/CeO2-NR-Red are shown in Figure 6, and the
detailed atomic percent values of observed Pd species are reported in Table 2. The most intense signal
in Pd 3d spectrum of PdOx/CeO2-NR has the Pd 3d5/2 component at 337.76 eV BE, a binding energy
value indicative for oxidized palladium (PdOx, x > 1); the less intense component at lower BE values
(Pd 3d5/2 BE = 335.58 eV) is associated with 10% of PdO [58].

In PdOx/CeO2-NR-Red XPS spectra, a Pd 3d component at low BE (Pd 3d5/2 BE = 334.67 eV) is
indicative of metallic palladium (Pd0) [58], whereas the signal around 337.76 eV BE is still observed.
According to Table 2, 63.5% of Pd in the reduced catalyst contributes to this component. This large
amount of oxidized palladium can be interpreted as the result of re-oxidation of surface Pd when
exposed to air after H2-TPR. An alternative interpretation of the high-BE Pd 3d signal is the formation
of a Pd−O−Ce structure, similar to the PdxCe1−xO2−δ solid-solution phase [59,60]; in this structure, Pd
would act as an electron-donor toward CeO2.

Furthermore, it is observed in Table 2 that the atomic percentage of Pd decreased from 0.13% to
0.06% after reduction. This might be due to Pd diffusion into the bulk of the ceria support or to Pd
sintering during the reduction process. This result is also in agreement with the higher BET surface
area of PdOx/CeO2-NR-Red in comparison with the PdOx/CeO2-NR.



Catalysts 2019, 9, 847 8 of 17Catalysts 2019, 9, x FOR PEER REVIEW 8 of 17 

 

 
Figure 6. XPS spectra of Pd 3d region for (a) PdOx/CeO2-NR and (b) PdOx/CeO2-NR-Red. 

2.2. Catalytic Activity 

The catalytic activity in BnOH oxidation was investigated using either PdOx/CeO2-NR or 
PdOx/CeO2-NR-Red catalyst. Oxidation of BnOH was performed in a constant-stirring-tank-reactor 
system (CSTR) including a round-bottom three-neck flask equipped with reflux condenser, gas inlet, 
and thermometer. Table 3 shows the reaction conditions of BnOH oxidation as well as the BnOH 
conversions and PhCHO selectivities measured by gas chromatography-mass spectrometry (GC-MS) 
using cyclooctanone as internal standard. Air or oxygen was used as oxidant. In preliminary catalytic 
tests using oxygen as oxidant, the BnOH conversions were similar to those obtained using air. 
Therefore, all the subsequent reactions were performed in air. The effects of temperature, solvent 
nature, and Pd oxidation state were studied. CeO2-NR showed no catalytic activity for BnOH 
oxidation when either toluene or ethanol were utilized as solvent (Table 3, experiments 1 and 2, 
respectively), proving that the ceria support was not active, similar to the observation by Xin et al., 
for the aerobic BnOH oxidation catalyzed by pure ceria [43]. In all experiments, PhCHO was the only 
major product and the selectivity of PhCHO was 96% or more. 
  

Figure 6. XPS spectra of Pd 3d region for (a) PdOx/CeO2-NR and (b) PdOx/CeO2-NR-Red.

2.2. Catalytic Activity

The catalytic activity in BnOH oxidation was investigated using either PdOx/CeO2-NR or
PdOx/CeO2-NR-Red catalyst. Oxidation of BnOH was performed in a constant-stirring-tank-reactor
system (CSTR) including a round-bottom three-neck flask equipped with reflux condenser, gas inlet,
and thermometer. Table 3 shows the reaction conditions of BnOH oxidation as well as the BnOH
conversions and PhCHO selectivities measured by gas chromatography-mass spectrometry (GC-MS)
using cyclooctanone as internal standard. Air or oxygen was used as oxidant. In preliminary catalytic
tests using oxygen as oxidant, the BnOH conversions were similar to those obtained using air. Therefore,
all the subsequent reactions were performed in air. The effects of temperature, solvent nature, and
Pd oxidation state were studied. CeO2-NR showed no catalytic activity for BnOH oxidation when
either toluene or ethanol were utilized as solvent (Table 3, experiments 1 and 2, respectively), proving
that the ceria support was not active, similar to the observation by Xin et al., for the aerobic BnOH
oxidation catalyzed by pure ceria [43]. In all experiments, PhCHO was the only major product and the
selectivity of PhCHO was 96% or more.
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Table 3. Aerobic oxidation of BnOH to PhCHO: reaction parameters and results.

Exp. Catalyst Catalyst
Mass (mg) Solvent T (◦C)

BnOH
Conversion

(%) 1

PhCHO
Selectivity

(%) 1

1 CeO2-NR 32 toluene 111 0 -
2 CeO2-NR 32 ethanol 78 0 -
3 PdOx/CeO2-NR 32 toluene 50 9 100
4 PdOx/CeO2-NR 32 toluene 65 15 100
5 PdOx/CeO2-NR 32 toluene 100 29 100
6 PdOx/CeO2-NR 32 toluene 111 35 100
7 PdOx/CeO2-NR 32 AcCN 65 6 100
8 PdOx/CeO2-NR 32 AcCN 82 14 100
9 PdOx/CeO2-NR 32 ethanol 65 50 >97

10 PdOx/CeO2-NR 32 ethanol 78 93 96
10(II) 2 PdOx/CeO2-NR 32 ethanol 78 73 96
10(III) 3 PdOx/CeO2-NR 32 ethanol 78 54 97

11 PdOx/CeO2-NR 32 methanol 65 41 >97
12 PdOx/CeO2-NR 32 THF 66 <3 -
13 PdOx/CeO2-NR-Red 32 toluene 111 25 100
14 PdOx/CeO2-NR-Red 32 ethanol 78 13 100

15 4 PdOx/CeO2-NR 16 ethanol 78 28 >97
1 Measured by gas chromatography-mass spectrometry (GC-MS) after 5 h of oxidation with 20 mL min−1 air flow;
2 second round of recyclability test; 3 third round of recyclability test; 4 leaching test: The catalyst was removed after
45 min.

2.2.1. Effect of Temperature and Solvent

The BnOH oxidation was first performed using PdOx/CeO2-NR in toluene at 50 ◦C and air at a
flow of 20 mL/min. The conversion was very low, reaching 9.4% after five hours of reaction, even with a
reaction selectivity of 100%. To obtain better conversions, the reaction was tested at higher temperatures
(65 and 100 ◦C) and up to the boiling point of toluene (111 ◦C). As expected, the conversion increased
up to 35% (Table 3, experiment 6), maintaining 100% selectivity.

Due to the low BnOH conversion in toluene (9–35%), other solvents were utilized, namely
acetonitrile (AcCN), ethanol, methanol, and tetrahydrofuran (THF). The oxidation of BnOH, using
different solvents at nearly 65 ◦C after 5 h, is presented in Table 3. The highest conversions were
achieved using ethanol and methanol as solvents (50% and 41%, respectively). In the same conditions,
the BnOH conversions using either toluene or AcCN were 14% and 6%, respectively.

The best result in BnOH oxidation by PdOx/CeO2-NR was achieved utilizing the protic ethanol at
boiling point (78 ◦C). In this condition, 93% conversion and 96% selectivity were achieved (Table 3,
experiment 10). This was significantly larger than the results achieved using toluene at 111 ◦C (35%) or
AcCN at 82 ◦C (14%) (Table 3, experiments 6 and 8, respectively). In the experiments with ethanol,
benzyl ester is detected as a secondary product, probably derived from benzoic acid due to the presence
of alcoholic solvent.

The 93% BnOH conversion and 96% PhCHO selectivity achieved by utilizing PdOx/CeO2-NR
(with (111) exposed plane of CeO2-NR) in ethanol are slightly higher than those acquired by Wang
et al. (84.6% BnOH conversion, 92.8% PhCHO selectivity) [39], in the reaction catalyzed by palladium
oxide supported on truncated octahedral ceria with (111) and (100) exposed plane, at almost the same
temperature and higher catalyst/substrate ratio. Wang et al. also prepared and used cubic CeO2

with (100) exposed plane as support for palladium oxide, which led to significantly lower BnOH
conversion (34.0%), suggesting the important role of the ceria morphology and the synergy between
palladium and the CeO2 (111) plane in the catalytic activity. On the other hand, the result achieved by
PdOx/CeO2-NR-Red (Table 3, experiment 13) is almost similar to that obtained by Xin et al. (26.60%
BnOH conversion) using reduced palladium supported on CeO2-NR [43].

Looking at the proticity, polarity, and boiling point of the utilized solvents (Table 4), the collected
data might suggest that the polarity of the solvent has a negative effect on the catalytic performance
of PdOx/CeO2-NR for BnOH oxidation, given the different conversions obtained using toluene, a
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non-polar solvent, and AcCN, a polar one. This hypothesis can be strengthened by the observation
that substrate conversion using ethanol is higher than the more polar methanol solvent, in the
same conditions.

Table 4. Properties of solvents used in BnOH oxidation reactions.

Solvent Proticity Dielectric Constant Boiling Point (◦C)

toluene aprotic 2.4 111
THF aprotic 7.52 66

AcCN aprotic 37.5 82
ethanol protic 24.5 78

methanol protic 32.7 65

On the other hand, it seems that the proticity of the solvent plays an important role in increasing
the BnOH conversion, since the best results at 65 ◦C were achieved by using the protic and polar
ethanol and methanol solvents. Thus, it can be hypothesized that solvent properties may have an
influence on the reaction mechanism and, if the solvent is both polar and protic, the effect of proticity
is dominating. In similar experiments of BnOH oxidation, when Al-Saeedi et al. used Cu oxide
nanoparticles as catalyst [61], the more polar DMSO solvent gave the better conversion. However, only
aprotic solvents (acetone, AcCN, DMF, and DMSO) were utilized in that research work.

2.2.2. Effect of Pd Oxidation State

To study the effect of the oxidation state of Pd on the aerobic BnOH oxidation, the catalyst reduced
by H2-TPR was utilized, with toluene or ethanol as solvent at their boiling points (Table 3, experiments
13 and 14, respectively). To compare the catalytic activity of PdOx/CeO2-NR and PdOx/CeO2-NR-Red,
in toluene and ethanol, the conversions of BnOH are reported in Figure 7. When toluene solvent
was used, the catalytic activity of PdOx/CeO2-NR-Red was lower than that of PdOx/CeO2-NR (25%
versus 35%). This result might be attributable to a decrease of Pd amount on the surface after
reduction process, in agreement with XPS results. On the other hand, when ethanol solvent was
used, the PdOx/CeO2-NR-Red showed a BnOH conversion of 13%, considerably less than that of the
PdOx/CeO2-NR (93%). Consequently, using reduced palladium, the polarity and/or proticity of the
solvent look detrimental to the catalytic activity. This is in line with literature data, in which these
kinds of reactions are generally performed with aprotic apolar solvents such as toluene or xylene [62].
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2.2.3. Mechanistic Aspects of BnOH Aerobic Oxidation, Catalyzed with PdOx/CeO2-NR

The mechanism of the alcohol’s oxidation over Pd0 has been extensively studied [61–64]. It
foresees oxygen chemisorption on palladium surface, assisted homolytic cleavage of the O–H bond of
BnOH mediated by oxygenated Pd, and formation of an alkoxide–palladium bond and a PdOH. The
subsequent hydrogen abstraction by a near Pd0, permits the release of the PhCHO and of a molecule
of water.

The different behavior of PdOx/CeO2-NR, when used in toluene or ethanol, strengthens the
hypothesis that the mechanism of BnOH oxidation with this catalyst, might be different from that
described by Chan-Thaw et al. [64]. In PdOx/CeO2-NR, XPS data stated that no Pd0 is present on the
surface; thus, it cannot catalyze the displacement of the hydrogen from the alkoxide intermediate.
Furthermore, after the oxidation reaction, XPS analysis of used PdOx/CeO2-NR showed a change
in the PdO/PdOx ratio in favor of the less oxidized species (see Table S1 and Figure S1, Supporting
Information). All these evidences, together with the high BnOH conversion obtained with the polar
protic ethanol as solvent (Table 3, experiment 10), may be explained with an heterolytic mechanism
in which PdOx/CeO2-NR participates in a redox cycle [65]. Since the reaction in the highly polar
AcCN gave low conversion (Table 3, experiment 8), the protonation of PdOx by a protic solvent seems
kinetically crucial (Scheme 2). The more electrophilic protonated metal oxide (II in Scheme 2) may
react with BnOH, producing the addition product III which, after proton release, should give the
alkoxide–palladium IV. The reaction may then proceed by a proton abstraction assisted either by
another PdOx, or by the ceria surface oxygen [43], and finally, the elimination of water and PhCHO
by redox participation of the metal catalyst. The reduced catalyst V is then re-oxidized by molecular
oxygen. Further study should be done to confirm this hypothesis.
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2.2.4. Leaching and Reusability Tests

The recyclability of PdOx/CeO2-NR was studied by recovering and reusing the catalyst used
in experiment 10 of Table 3, for two more rounds of reaction, without any pre-treatment. BnOH
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conversion decreased in the second and third round to 73% and 54%, respectively, but the selectivity of
PhCHO remained almost constant (Table 3 experiments 10(II) and 10(III) respectively). Calcining the
catalyst after each catalytic round in ethanol might fully recover the catalytic performances.

To assess any possible leaching of palladium from the CeO2-NR support during the BnOH
oxidation, a leaching test was conducted (Table 3, experiment 15). The catalyst was removed after
45 min by centrifugation and the reaction was carried on with the remaining ethanolic solution. After
the catalyst was removed, no progress was observed in oxidation reaction because the BnOH conversion
and PhCHO selectivity values remained constant afterward. Thus, no considerable palladium leaching
occurred during the reaction.

3. Materials and Methods

Toluene (anhydrous, 99.8%), ethanol (for HPLC, ≥99.8%), AcCN (for HPLC, ≥99.9%), methanol
(≥99.8% GC), THF (anhydrous, ≥99.9%), diethyl ether (≥99.8%), benzyl alcohol (ACS reagent, ≥99.0%),
benzaldehyde (≥99.5%), NaOH and cerium (III) nitrate hexahydrate (99% trace metal basis) were bought
from Sigma Aldrich, Germany. Cyclooctanone (~99% GC) and Celite (filter cel) were purchased from
Fluka, Germany. Palladium (II) nitrate dehydrate (40% Pd) was provided from Alfa Aesar, Germany.

3.1. Catalyst Preparation

CeO2-NR was prepared according to a previously published method [46]. That is, 1.30 g of
Ce(NO3)3·6H2O was dissolved in 20 mL of water and then added to an alkali solution formed by
dissolving 14.40 g NaOH in 40 mL of water in a Teflon bottle under intense stirring for 30 min.
Afterward, to perform a hydrothermal treatment on the mixture, the Teflon bottle was placed in a
stainless-steel autoclave vessel. Then, the vessel was tightly sealed and put in oven at 100 ◦C for 24 h.
Next, the obtained purple precipitate was separated by vacuum filtering over a paper filter, washed
several times with distilled water and ethanol, and dried at 120 ◦C for 24 h. The dried solid was milled
in an agate mortar and calcined at 400 ◦C for 5 h.

PdOx/CeO2-NR was prepared by depositing palladium nitrate on CeO2-NR via the wet
impregnation process aiming at achieving a CeO2/Pd molar ratio of 95/5 (2 wt.% Pd) and a final
calcination. A volume of 10.0 mL of 0.0200 M aqueous solution of Pd(NO3)2·2H2O was gradually
added to 1.00 g of CeO2-NR in a flask while stirring and heating at 60 ◦C for 2 h. Afterward, the water
was evaporated and the solid was dried at 120 ◦C for 24 h in oven, followed by milling and calcination
at 500 ◦C for 5 h to achieve PdOx/CeO2-NR. This catalyst was applied in BnOH oxidation reaction. In
addition, 250.0 mg of prepared PdOx/CeO2-NR was subjected to reduction by H2-TPR (described in
Section 2.1), and the produced PdOx/CeO2-NR-Red was utilized in BnOH oxidation to study the effect
of Pd oxidation state on the catalytic behavior of the palladium/ceria system.

3.2. Catalyst Characterization

XRD patterns were recorded using a Scintag X1 diffractometer equipped with a Cu Kα

(λ = 1.5418 Å) source and the Brag–Brentano θ–θ configuration in the 2θ = 10◦–80◦ range, with
0.05◦ step size and 3 s acquisition time. CeO2 crystallite size was calculated by Scherrer’s equation
from the main diffraction peak.

TEM images were acquired using a FEI-Thermo Fisher Scientific Tecnai (MA, United States)
12 G2 Twin instrument, operating at primary electron beam energy of 120 keV, equipped with a
“post-column” Gatan Biofilter (CA, United States) electron energy filter, a Gatan 794 IF Peltier cooled
charge-coupled device-based slow scan camera, equipped with energy dispersive X-ray (EDX) system.
The used catalysts were dispersed in isopropyl alcohol and ultra-sonicated for 15 min. Then a drop
of the suspension (~20 µL) was placed on a copper TEM grid (400 mesh), covered by an amorphous
carbon film.

A H2-TPR experiment was performed by a Thermo Scientific TPDRO1100 flow apparatus. The
PdOx/CeO2-NR (0.250 g) was pre-treated in a flow of 10% O2/He mixture (20 cm3 min−1) at 300 ◦C for
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30 min. The H2-TPR was conducted flowing 30 cm3 min−1 of 5% H2/Ar mixture from 50 up to 500 ◦C
with a rate of 10 ◦C min−1, maintaining the final temperature for 60 min. Then the sample was cooled
down to 50 ◦C in the same mixture, followed by heating in pure Ar up to 350 ◦C (10 ◦C min−1) to
remove chemisorbed hydrogen, and then cooling down to room temperature. The H2 consumption
and release were measured by a thermal conductivity detector (TCD). A trap was utilized before
flowing into the TCD detector to remove the generated H2O in the reduction process.

The surface areas of the synthesized materials were measures by N2 adsorption isotherms at 77 K
using a Micrometrics Gemini V apparatus. Before the measurement, the sample was heated at 200 ◦C
in He for 2 h. The surface area was calculated by the BET method in equilibrium pressure range 0.05 <

P/P◦ < 0.3. From the desorption branch of the hysteresis loop using the BJH method, the pore size
distribution was obtained, and the total pore volume was calculated from the maximum adsorption
point at P/P◦ = 0.99.

XPS measurements were carried out at the materials science beamline (MSB) at the Elettra
synchrotron radiation source (Trieste, Italy). MSB, placed at the left end of the bending magnet 6.1, is
equipped with a plane grating monochromator that provides light in the energy range of 21−1000 eV.
The ultra high vacuum (UHV) endstation, with a base pressure of 2 × 10−10 mbar, is equipped with
a SPECS PHOIBOS 150 hemispherical electron analyzer, low-energy electron diffraction optics, a
dual-anode Mg/Al X-ray source, an ion gun, and a sample manipulator with a K-type thermocouple
attached to the rear side of the sample. Photoelectrons emitted by C 1s, O 1s, Pd 3d, and Ce 3d core
levels were detected at normal emission geometry using photon energy of 630 eV impinging at 60◦.
Energy resolution of binding energies are reported after correction for charging using the aliphatic
C 1s as a reference (BE 285.0 eV) [66]. Core level spectra were fitted with a Shirley background and
Gaussian peak functions [67].

3.3. Catalytic Tests

Catalytic oxidation of BnOH was conducted in a 25 mL three-neck flask equipped with reflux
condenser, thermometer, and gas inlet. Either 16 or 32 mg of catalyst and 10 mL of 0.016 M solution
of BnOH were added to the flask following by heating in a silicon oil bath, stirring (700 rpm), and
bubbling air or oxygen with the flow of 20 mL/min. Cyclooctanone was used as internal standard for
calculating the BnOH conversion and PhCHO selectivity by Equations (1) and (2), respectively.

BnOH conversion (%) =
moles of BnOH reacted
initial moles of BnOH

× 100 (1)

PhCHO selectivity (%) =
moles PhCHO produced
moles of BnOH reacted

× 100 (2)

Samples from the reactions were passed over a celite path by eluting with diethyl ether and
analyzed by GC-MS. The analyses were carried out on a Shimadzu VG 70/250S apparatus equipped
with a Supelco SLB™ column (30 m, 0.25 mm, and 0.25 m film thickness). The analyses were performed
using a temperature profile at 50 ◦C for 4 min followed by a 10 ◦C/min temperature gradient until
250 ◦C for 10 min. The injector temperature was 250 ◦C.

Recyclability test was conducted by performing the aerobic BnOH oxidation in ethanol at 78 ◦C
for three rounds. In each round, after 5 h the catalyst was separated by centrifuge (10,000 rpm, 20 min),
washed three times with ethanol, and dried at room temperature to be used in the next round. Leaching
test was conducted using 16 mg PdOx/CeO2-NR catalyst in the aerobic BnOH oxidation in ethanol at
78 ◦C. After 45 min, the catalyst was removed by centrifuge (10,000 rpm, 20 min) and the remaining
solution was subjected to reaction conditions again.

4. Conclusions

In this study, environmentally friendly aerobic and selective oxidation of BnOH to PhCHO
catalyzed by PdOx/CeO2-NR heterogeneous catalyst was investigated. Palladium nitrate was deposited
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by wet impregnation method on the hydrothermally synthesized CeO2-NR, and a final calcination
at 500 ◦C led to preparation of palladium oxide supported on CeO2-NR. XPS data showed that after
final calcination, there was 90% PdOx, (x > 1) and 10% PdO on the surface of the support. The activity
of PdOx/CeO2-NR catalyst was higher in protic solvents: the best result was achieved using boiling
ethanol as a green solvent, leading to 93% BnOH conversion and 96% selectivity. On the contrary,
the reduced sample, PdOx/CeO2-NR-Red, worked better in aprotic toluene (25% conversion) than in
protic ethanol (13% conversion), in line with literature data. The different behavior of PdOx/CeO2-NR
and PdOx/CeO2-NR-Red catalysts, suggests the possibility of dissimilar reaction mechanisms. With
PdOx/CeO2-NR catalyst, a heterolytic and/or solvent proton donation mechanism might explain the
higher conversion in protic solvent. The deepening of these hypotheses requires further experiments
and analysis planned in future research work.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/10/847/s1.
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