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Abstract: Catalytic aerobic oxidation of benzyl alcohol (BnOH) to benzaldehyde (PhCHO) over
supported noble metal catalysts has grabbed the attention of researchers due to the critical role
of PhCHO in numerous industrial syntheses. In the present study, a novel catalyst, Pd-P alloy
supported on aminopropyl-functionalized mesoporous silica (NH2-SiO2), was prepared through in
situ reduction and characterized by BET-BJH analysis, SEM, TEM, XRD, FTIR, TG-DTA, and XPS.
Chemical properties and catalytic performance of Pd-P/NH2-SiO2 were compared with those of Pd◦

nanoparticles (NPs) deposited on the same support. Over Pd-P/NH2-SiO2, the BnOH conversion to
PhCHO was much higher than over Pd◦/NH2-SiO2, and significantly influenced by the nature of
solvent, reaching 57% in toluene at 111 ◦C, with 63% selectivity. Using pure oxygen as an oxidant
in the same conditions, the BnOH conversion increased up to 78%, with 66% selectivity. The role of
phosphorous in improving the activity may consist of the strong interaction with Pd that favours
metal dispersion and lowers Pd electron density.

Keywords: benzyl alcohol; functionalized silica; palladium nanoparticles; palladium-phosphorous
alloy; aerobic oxidation; benzaldehyde; selectivity

1. Introduction

Oxidation of alcohols is amongst the most crucial and widely utilized reactions for syn-
thesizing organic materials and developing key intermediate chemicals in petroleum and
biorefinery sectors [1,2]. In particular, oxidation of benzyl alcohol (BnOH) to benzaldehyde
(PhCHO) is of paramount importance, because the product is an indispensable intermedi-
ate for many organic syntheses [3], and is utilized in manufacturing pharmaceuticals and
therapeutics, dyestuffs, fragrances, and flavours [4]. Traditionally, PhCHO is produced by
hydrolysis of benzylidene chloride, which leaves undesirable chlorine contamination, or, by
partial oxidation of toluene which suffers from low PhCHO selectivity [5,6]. On the other
hand, BnOH oxidation has been mostly performed via expensive strong oxidants, mainly
chromates, and permanganates, which pose serious environmental concerns. Therefore,
developing catalytic systems for efficient and selective oxidation of BnOH to PhCHO with
air or molecular oxygen has attracted many researchers in recent decades [7].

Numerous supported noble metal nanoparticles (NPs) such as Pt [8], Pd [9–15], Ru [16],
and Au [17], have been developed and examined. Among them, Pd-based catalysts have
been widely studied due to their high activity, and selectivity towards PhCHO [18,19]. The
catalytic activity of such noble metal nanoparticles depends on their valence, physicochem-
ical properties, size, and morphology. On the other hand, the size and dispersion of these
nanoparticles largely depend on the properties of the support. The electronic effect and
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structural binding forces between support materials and metal NPs are key factors that
affect the selective oxidation reactions [1,18,20,21].

Mesoporous silica materials proved to be one of the most beneficial supports for
metal NP catalysts owing to their high thermal and chemical stability, great surface area,
tunable pore size, and provision of highly dispersed active sites on the final catalyst [22–24].
Catalysts manufactured by supporting palladium NPs on silica have been utilized in
numerous reactions such as Suzuki coupling reactions, C—H activation [25,26], and aerobic
oxidation of benzyl alcohol [27]. The mildly acidic surface of the pristine silica acts as
a barrier for absorption and diffusion of the palladium and/or its precursors; therefore,
functionalizing the surface of the support to increase the basicity, is deemed necessary
to improve the metal deposition and to obtain smaller particle size [12,22,28,29]. For
example, Chen et al., found that functionalizing SBA-16 silica with aminopropyl groups
remarkably improved the catalytic activity, the BnOH conversion, and the selectivity
towards PhCHO [29].

Furthermore, alloying palladium with non-metal elements such as phosphorous has
been studied. Pd-P alloy has been applied as catalyst for methanol [30], and ethylene glycol
oxidation [31]. Recently, Guo et al. showed that utilizing Pd-P alloy supported on a porous
carbon frame (PCF) has threefold enhanced BnOH conversion and turnover frequency
(TOF) with respect to simple Pd◦ metal deposited on the same support [10].

In the present research work, a novel catalyst, palladium–phosphorus nano-alloy
supported on aminopropyl-functionalized mesoporous silica (Pd-P/NH2-SiO2) was synthe-
sized and characterized. The chemical-physical properties and the catalytic performance
for aerobic BnOH to PhCHO oxidation of this catalyst were examined and compared
to those of Pd◦ supported on the same aminopropyl-functionalized mesoporous silica
(Pd◦/NH2-SiO2).

2. Results and Discussion
2.1. Synthesis of Catalysts

In the initial catalyst preparations, loading Pd◦ or Pd-P alloy on pristine meso-
porous silica was unsuccessful, using the same procedures, respectively described in
Sections 3.1.4 and 3.1.5. At the end of the procedures, two visually distinguishable phases
of metal and support were formed in the centrifuge tubes (Figure S1, Supplementary Mate-
rials). However, such an outcome was not unexpected because, in general, palladium and
other noble metals are not easily absorbed in the silica [12,22].

Therefore, aiming at improving the metal deposition process and strengthening the
support/metal interaction, the surface of the mesoporous silica nanoparticles was function-
alized through the reaction with (3-aminopropyl)-triethoxysilane (3-APTES) to produce
functionalized aminopropyl-silica (NH2-SiO2). The 3-APTES was chosen with regard to
the results of Chen et al. [12], displaying that among the various surface functionalizing
groups, aminopropyls delivered the highest activity for BnOH oxidation of Pd◦ or Au-Pd
alloy supported on mesoporous silica TUD-1. The role of the aminopropyl group is to act as
a pseudo-chelator or binder to promote the interaction of the surface with metal precursors,
or with metal NPs, in order to prevent metal leaching, and aggregation of metal particles
during the reduction process [12]. According to the literature and depending on the surface
area, a SiO2/APTES = 1.55 molar ratio was adopted [24,25]. To confirm the success of the
functionalization, the presence of the aminopropyl groups on the surface was verified by
Fourier-transform infrared (FTIR) and X-ray photoelectron spectroscopy (XPS).

Pd◦ nanoparticles were prepared using oleylamine (Oam) as reducing agent (see
Equation (1)), varying the reaction time and the ratio between Oam and the capping agent
trioctylphosphine (TOP) [32], leading to formation of palladium NPs with different sizes
(Figure S2, Supplementary Materials).

2PdCl2 + C18H35NH2 → 2Pd◦ + C17H33CN + 4HCl (1)
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The Pd◦ NPs with the lowest size were deposited on the functionalized support,
leading to the production of a uniform powder, being dark in color when wet (Figure S3a,
Supplementary Materials), and light grey when dried. This sample was named Pd◦/NH2-
SiO2. The deposition of Pd◦ NPs on NH2-SiO2 was proved by scanning electron microscopy
(SEM), detailed in Section 2.2.2.

The Pd◦/NH2-SiO2 was compared with a sample supporting Pd-P alloy, prepared
using K2PdCl4 as Pd source, citric acid as complexing agent [33], and, NaH2PO2·H2O as
reducing agent (Equation (2)) as well as phosphorous source (Equation (3)). NaH2PO2·H2O,
activates the in situ reduction of PdCl42− to Pd◦ and, the formation of the Pd-P alloy
(Equation (4)) [34].

PdCl2−4 + H2PO−2 + 3OH− → Pd◦ + HPO2−
3 + 2H2O + 4Cl− (2)

3H2PO−2 → H2PO−3 + 2P + H2O + 2OH− (3)

nPd◦ + P→ PdnP (4)

Pd-P alloy was successfully loaded on the NH2-SiO2 as support as later proved by SEM,
transmission electron microscopy (TEM), and XPS (Sections 2.2.2 and 2.2.6, respectively).
The final product (Figure S3b, Supplementary Materials) was named Pd-P/NH2-SiO2.

2.2. Catalyst Characterization

Morphological, structural and chemical composition of samples were studied by
Brunauer–Emmett–Teller (BET) surface area analysis, Barrett–Joyner–Halenda (BJH) pore
analysis, SEM, TEM, X-ray diffraction (XRD), FTIR, thermogravimetric and differential
thermal analysis (TG-DTA), and XPS.

2.2.1. BET and BJH Morphological Analyses

BET surface area, BJH pore volume and BJH average pore size were measured for
untreated SiO2, functionalized silica (NH2-SiO2), and functionalized silica after deposition
of metallic palladium (Pd◦/NH2-SiO2) or a palladium-phosphorous alloy (Pd-P/NH2-
SiO2). The corresponding values are listed in Table 1. Nitrogen adsorption–desorption
isotherms of SiO2 (Figure 1A), showed the type IV pattern with H1 hysteresis, characteristic
of mesoporous materials with high surface area and narrow distribution of the meso-pore
diameter [35,36]. The surface area of SiO2 was 564 m2 g−1. The functionalization with
aminopropyl groups considerably decreased the amount of N2 physisorbed on the surface,
whereas it did not affect the isotherm profile; the corresponding surface area was 88 m2 g−1.
The subsequent addition of Pd◦ slightly changed the amount of N2 physisorbed on the
surface and did not affect the isotherm profile: the surface area was 110 m2 g−1. After
adding the Pd-P on the NH2-SiO2, the amount of N2 physisorbed on the surface increased
and the surface area reached 235 m2 g−1. These findings may be explained by the Pd
and Pd-P loading procedures causing a different decrease of the aminopropyl groups on
the surface of catalysts. To verify this hypothesis, experiments of functionalization were
performed varying 3-APTES concentration, maintaining unvaried temperature (110 ◦C)
and time of reflux (48 h), finding that surface area decreased with 3-APTES concentration,
due to different amount of aminopropyl groups on the surface (Table S1 in Supplementary
Materials). Therefore, the different BET surface areas of Pd containing samples, are related
to the different amount of aminopropyl groups on the surface due to their partial detach-
ment from the surface during the dispersion of NH2-SiO2 in different volumes of solvent:
20 mL of cyclohexane, in Pd◦ loading procedure, or 88 mL of ethanol and water in Pd-P
loading procedure.
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Table 1. Morphological properties of the samples by Brunauer–Emmett–Teller (BET) surface area
(S.A.) analysis, Barrett–Joyner–Halenda (BJH) pore analysis and scanning electron microscopy (SEM).

Technique BET BJH BJH SEM

Sample S.A. Pore Volume Pore Size Average Pd Particle Size
(m2 g−1) (cm3 g−1) (nm) (nm)

SiO2 564 0.63 4.3 -
NH2-SiO2 88 0.17 10.8 -

Pd◦/NH2-SiO2 110 0.06 3.6 12
Pd-P/NH2-SiO2 235 0.41 5.0 8
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The BJH pore size distribution of mesoporous SiO2 support (Figure 1B) showed
a narrow peak in the range of nanopores, at 3–5 nm, corresponding to a total pore volume
of 0.63 cm3 g−1. The presence of aminopropyl groups on the surface, strongly decreased the
total pore volume of silica by about 70%, maintaining a pore size distribution centered at
4.5 nm. The addition of Pd◦ caused an additional decrease of total pore volume up to about
10% of the initial pore volume in the pure SiO2 support, in part due to partial occlusion of
silica pores by Pd◦ loading on the surface. On the contrary, the deposition of Pd-P alloy
caused an increase in the total pore volume of the catalyst up to 0.41 cm3 g−1 and, a slight
broadening of the profile of the pore size distribution below 3 nm.

2.2.2. SEM and TEM Morphological Characterization

The SEM images of the pure support SiO2, and of the Pd◦/NH2-SiO2 and Pd-P/NH2-
SiO2 catalysts are displayed in Figure 2a–c, respectively. In all samples, silica particles are
nearly spherical and homogeneous, with a narrow size distribution around 300 nm. The
surface of the silica particles was not smooth, but rather wrinkled. The functionalization
with aminopropyl groups and the subsequent addition of Pd◦ or Pd-P alloy did not signifi-
cantly affect the shape and the morphology of SiO2. Palladium and Pd-P alloy are visible
as light small spherical particles. The Pd◦ and Pd-P average particle sizes are obtained
as surface-weighted average diameter from almost 50 particles, using Equation (5), and
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the values are reported in Table 1. The Pd average particle size in the Pd◦/NH2-SiO2 was
larger than those reported by Yang and Klabunde, for similar preparation method [32].
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Figure 2. Electron microscopy of SiO2, Pd◦/NH2-SiO2 and Pd-P/NH2-SiO2: (a) SEM image of SiO2,
(b) SEM image of Pd◦/NH2-SiO2, (c) SEM image of Pd-P/NH2-SiO2, (d) Transmission electron
microscopy (TEM) image of Pd-P/NH2-SiO2, (e) enlarged TEM image of Pd-P/NH2-SiO2, (f) Pd-P
particle size distribution calculated for 400 particles.

Further imaging of Pd-P/NH2-SiO2 was carried out by TEM to explore the presence
of isolated aggregates of phosphorous species in addition to Pd-P alloy, and to confirm the
particle size and the homogeneous distribution of palladium (Figure 2d,e).

The TEM images of Pd-P/NH2-SiO2 catalyst, with two different enlargements, are re-
ported in Figure 2d,e. In good agreement with SEM images, silica particles have a diameter
close to 300 nm. The Pd-P nanoparticles, recognizable as the small dark spots, are well
dispersed on the silica surface. There is no evidence of isolated phosphorous aggregates.
The histogram in Figure 2f shows the distribution of the particle size, related to approxi-
mately 400 particles, obtained by measuring the diameter with the software ImageJ. Most
of the particles have a diameter in the range 2.5–5.0 nm, with an average size of 3.7 nm,
corresponding to a dispersion D (%) = 32. The difference between the average particle size
evaluated from SEM or TEM analysis of Pd-P/NH2-SiO2 sample, is probably due to the
higher resolution of the TEM images, reducing the uncertainty in the measurement of the
diameter of smaller nanoparticles.

2.2.3. XRD Structural Characterization

XRD patterns of pure SiO2, NH2-SiO2, Pd◦/NH2-SiO2 and Pd-P/NH2-SiO2 are reported
in Figure 3. All patterns show a broad peak, with the maximum at 2θ = 22◦, characteristic of
amorphous silica (JCPDS n◦. 29–0085). Neither Pd◦/NH2-SiO2 nor Pd-P/NH2-SiO2 samples



Catalysts 2022, 12, 20 6 of 19

show Pd◦ diffraction lines (Figure 3), whose most intense one, corresponding to the (111)
plane, should be at 41◦ (JCPDS n◦. 05–0681). Conversely, palladium is clearly revealed by
TEM and XPS analysis. These results indicate that palladium crystallite size is below the XRD
detection limit due to the low crystallinity and to the low concentration of the phase.
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2.2.4. FTIR Spectroscopy

The effectiveness of silica functionalization was investigated by FTIR spectroscopy.
Figure 4 shows FTIR spectra of the support, pure and functionalized, and of the Pd contain-
ing catalysts. The spectrum of pure silica support (spectrum a) showed: a broad peak at
3445 cm−1 and a peak at 1638 cm−1 assigned to the O-H stretching of silanol groups and to
the bending of physically adsorbed water, respectively; a strong peak at about 1100 cm−1,
peaks at 800 cm−1 and 468 cm−1, assigned to the asymmetric and symmetric stretching,
and to bending vibrations of the framework (Si-O-Si), respectively; a peak at 965 cm−1

attributed to the asymmetric stretching of silanol bond Si-OH.
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The spectrum of aminopropyl-modified silica (spectrum b) additionally shows peaks
at 2929 and 2883 cm−1, assigned to the stretching vibrations of the –CH2 group, a peak
at 1562 cm−1 assigned to the bending vibration of N-H bond, and a peak at 1495 cm−1

assigned to the bending of –CH2 groups, proving that functionalization has occurred. In
addition, we can observe a decrease in the relative intensity of the band of the surface
silanols at 965 cm−1, suggesting a successful anchoring of 3-APTES, as observed by other
authors [37]. The observed FTIR bands are summarized in Table 2. The bands due to
the aminopropyl groups are not very intense, given the low concentration of these sur-
face species. The difference in the intensity of spectra may be due to inhomogeneous
concentration of the samples in the KBr tablet.

Table 2. FTIR bands of samples.

Wave Number (cm−1) Vibration

3445–3420 Stretching O-H
2929, 2883 Stretching CH2

1638 Bending H2O
1562 Bending NH2
1495 Bending CH2

1100–1045 Asymmetric stretching Si-O-Si
965 Stretching Si-OH
800 Symmetric stretching Si-O-Si
468 Bending Si-O-Si

After the loading of Pd◦ or Pd-P, the bands assigned to the adsorbed aminopropyl
groups are still present (spectra c and d), indicating that the Pd addition does not eliminate
the aminopropyl groups on the surface.

2.2.5. TG-DTA Analysis

TG-DTA analysis was performed to study the thermal stability of the aminopropyl
groups on the surface. Thermogravimetric analysis (TG) of functionalized support NH2-
SiO2 (Figure 5A, curve a) shows a rapid weight loss of about 8% below 125 ◦C, correspond-
ing to a negative peak (endothermic) in the differential thermal analysis (DTA) (Figure 5B,
curve a), which is due to dehydration. Afterwards, the sample remains stable until 300 ◦C
and then shows a further weight loss of about 20% of the initial mass, heating up to 700 ◦C.
This further weight loss is attributed to the oxidative decomposition and desorption of
the aminopropyl groups from the surface. In agreement with this, the corresponding DTA
profile shows an exothermic process corresponding to oxidation reaction in the range
250–470 ◦C with a strong peak at 300 ◦C.

TG profiles of Pd◦/NH2-SiO2 and Pd-P/NH2-SiO2 catalysts show a similar progres-
sive weight loss of about 20% of the initial weight, heating from 30 up to 600–700 ◦C.
For both samples, the total weight loss is attributed to the oxidative decomposition and
desorption of aminopropyl groups and of palladium and phosphorus compounds. The
corresponding DTA curves (Figure 5B) of Pd◦/NH2-SiO2 and Pd-P/NH2-SiO2 samples
show a more complex profile of exothermic processes in comparison with the bare func-
tionalized support. In particular, (i) both samples show a peak at about 200 ◦C, tentatively
attributed to Pd oxidation; (ii) Pd-P/NH2-SiO2 does not show the intense peak at 300 ◦C,
suggesting the presence of a lower amount of aminopropyls on the surface, consistent with
BET analysis; (iii) Pd-P/NH2-SiO2 shows a peak at about 520 ◦C, which is absent or very
weak in the Pd◦/NH2-SiO2 sample; therefore, it is attributable largely to phosphorous
species.
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2.2.6. XPS Characterization

The XPS analysis was carried out to investigate the atomic composition of the surface,
focusing on nitrogen element, derived from aminopropyl groups, for both NH2-SiO2 and
Pd-P/NH2-SiO2 samples, and on palladium and phosphorous elements for the Pd-P/NH2-
SiO2 sample. The binding energies (BE) of O 1s, C 1s, N 1s, Si 2p, P 2p and Pd 3d (both
spinning 5/2 and 3/2) are compiled in Table 3.

Table 3. Binding energies (eV) of the core levels in XPS spectra.

Samples O 1s C 1s Pd 3d (5/2) Pd 3d (3/2) P 2p N 1s Si 2p

NH2-SiO2
532.96

(528.88) 285.22 - - - 399.92 103.49

Pd-P/NH2-SiO2
532.99

(530.15) 285.00 335.28
337.55 1

340.37
342.22 1 130.39 399.77 103.57

1 Relative to the palladium(II) species.

The broad XPS spectra of the Pd-P/NH2-SiO2 catalyst and the functionalized support,
Figure 6a, display intense peaks for Si 2s, Si 2p, N 1s, C 1s, and O 1s, proving the presence
of silica and aminopropyl groups, and the success of the 3-APTES functionalization [38].
For Pd-P/NH2-SiO2 sample, presence of palladium and phosphorous is confirmed by the
identified Pd 3d and P 2p signals, even though only weak peaks were detected.
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The NH2-SiO2 and Pd-P/NH2-SiO2 samples show the oxygen main peak O 1s, as-
signed to the oxygen bond of Si-O-Si in the bulk of silica, at 532.96 eV and 532.99 eV,
respectively (Figure 6b). The secondary peaks of O 1s, at 528.88 eV and 530.15 eV, are due
to oxygen bonded to carbon, or phosphorous and/or palladium. For both samples, the Si
2p, related to the silicon of the SiO2, was fitted by a single peak (Figure 6c) at 103.49 eV
and 103.57 eV, respectively [38]. The C 1s peaks highlight the presence of residual organic
compounds, probably due to the 3-APTES on both samples. For this reason, O 1s was taken
as a reference for the correction of the binding energies instead of C 1s, which is generally
used as reference in XPS analysis.

The N 1s spectra (Figure 6d), showing a single peak at around 400 eV, underline that
the main component of the nitrogen signal is due to the aminopropyl groups, confirming
that the silica support is functionalized. The slight binding energy difference between the
two samples (∆(BE) = 0.15 eV) could be attributed to an electronic variation due to the
interaction of the Pd-P alloy with the aminopropyl group.

The P 2p spectrum of Pd-P/NH2-SiO2 (Figure 6e) shows a prominent peak of phos-
phorus at 103.39 eV, attributed to the elemental red phosphorous P0 [39]. The spectrum
noise impeded the detection of any possible BE difference between the isolated elemental
phosphorus and the bonded phosphorus in the alloy, as reported by Lu et al. [40], arising
from transfer of electrons from Pd to P. However, Belykh et al. [41] reported a BE value
for phosphorus interacting with metallic palladium in alloy, similar to that reported in
the present research, in addition to a peak at higher binding energy, relative to oxidized
phosphorous of phosphates derived by the reduction process of NaH2PO2, which are
common in Pd-P alloy prepared by precipitation-reduction method [40,42,43]. Furthermore,
the elemental states of phosphorous and palladium reveal that both elements underwent
a reduction during the synthesis.

The Pd 3d spectrum (Figure 6f) shows two asymmetric peaks originated by the partial
overlapping of peaks of Pd◦ at 335.28 and 340.37 eV with the less intense peaks of some
electron-depleted palladium(II) at 337.55 and 342.22 eV, corresponding to Pd 3d5/2 and
Pd 3d3/2, respectively. These values are in good agreement with the expected values for
the Pd◦ and Pd(II) reported in literature [10,44]. The total amount of Pd(II) was estimated
from the deconvoluted areas to be 13% of the total palladium content, suggesting that the
catalyst was partially oxidize on the surface possibly due to the exposure to air before
XPS analysis.

The elemental composition on the surface of the catalysts, determined by XPS analysis
as atomic percentage, is reported in Table 4. Carbon was not considered when calculating
the atomic percentage of the elements, since its presence could be related both to the surface
aminopropyl groups, and/or to contaminants adsorbed on the catalyst surface.

Table 4. XPS atomic percentage of the elements.

Sample O 1s (%) Pd 3d (%) P 2p (%) N 1s (%) Si 2p (%)

NH2-SiO2 62.0 - - 5.7 32.3
Pd-P/NH2-SiO2 70.9 1.2 0.6 3.2 24.1

The atomic ratio Pd/P = 1.2/0.6 = 2 suggests the formation of a Pd-P alloy with
a stoichiometric excess of Pd. Among various stable Pd-P alloys [45], Pd5P2 and Pd3P have
a composition close to the measured atomic ratio. The formation of these species was
observed by other authors on samples prepared with a procedure similar to that used in
this work [39,46].

2.3. Catalytic Tests

The catalytic activity of the synthesized catalysts for the BnOH oxidation was studied.
The reaction was performed in different solvents (ethanol, acetonitrile, and toluene), using
various temperatures, and two different BnOH concentrations. Air was generally used
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as oxidant but a test with pure O2 was also performed to check the effect of the oxygen
concentration. Table 5 outlines the reaction parameters and results of Pd◦/NH2-SiO2 and
Pd-P/NH2-SiO2 preliminary catalytic tests.

Table 5. Oxidation of benzyl alcohol (BnOH) to benzaldehyde (PhCHO); effect of solvent.

Entry Catalyst Solvent T (◦C) BnOH
Conversion (%) 1

PhCHO
Selectivity (%) 1,2

1 Pd◦/NH2-SiO2 Ethanol 78 <5 N/A
2 Pd◦/NH2-SiO2 Toluene 111 <5 N/A
3 Pd-P/NH2-SiO2 Ethanol 78 7 96
4 Pd-P/NH2-SiO2 Acetonitrile 82 29 96
5 Pd-P/NH2-SiO2 Toluene 80 38 94

1 Measured by GC-MS after 5 h of BnOH oxidation: 10 mL of BnOH solution (16 mM); 32 mg catalyst with BnOH
(mole)/catalyst (g) ratio of 1:200; 20 mL min−1 air flow. 2 Calculated solely for reactions with ≥5% conversion.

Pd◦/NH2-SiO2 was rather inactive both in ethanol and in toluene at the respective
boiling points of the solvents (Table 5, Entry 1 and 2, respectively), whereas Pd-P/NH2-
SiO2 sample was active in toluene and acetonitrile (Table 5, Entry 4 and 5, respectively)
and poorly active in ethanol (Table 5, Entry 3). Therefore, the presence of phosphorous
could play an essential role in the catalytic activity of the synthesized samples. One reason
for the Pd◦/NH2-SiO2 inactivity might be the relatively large particle size of palladium,
i.e., 12 nm (Table 1). This hypothesis might be strengthened by considering the observation
of Chen et al. [47], who showed that enlargement of the Pd particle size in a Pd/SiO2-Al2O3
catalyst from almost 4 up to 10 nm caused an approximately 85% decrease in TOF for
BnOH oxidation.

Regarding the activity of Pd-P/NH2-SiO2 sample, in addition to the smaller particle
size compared with Pd◦/NH2-SiO2, role of phosphorous in the catalytic activity must
be taken into account. In the Pd-catalyzed BnOH oxidation mechanism suggested by
Savara et al. [15,18,48,49], the metallic palladium causes the hydrogen abstraction from the
generated alkoxide–palladium bond, leading to the release of PhCHO. Guo et al. displayed
that the BnOH conversion by Pd-P alloy supported on PCF was approximately three times
of the conversion acquired by single palladium deposited on the same support [10]. It
seems that the presence of phosphorous may reduce the 3d electron density of palladium,
facilitating the desorption of the product and therefore maintaining the catalytic activ-
ity [10,20,50]. This could also explain the significant increase of catalytic activity obtained
in the present study. XPS analysis proved the presence of elemental phosphorous with
atomic ratio Pd/P = 1.2/0.6 on the surface; in addition, no evidence of aggregated phos-
phorous particles was observed in TEM images of Pd-P/NH2-SiO2. These, along with the
possible electronic interaction among Pd and P insinuated by the catalytic activity, could
further strengthen the suggestion that phosphorous and palladium formed an alloy on the
surface of the functionalized silica.

Furthermore, the catalytic performance of Pd-P/NH2-SiO2 was significantly influ-
enced by the nature of the solvent, reaching 7, 29, and 38% BnOH conversion in ethanol,
acetonitrile, and toluene, respectively. The very low catalytic activity in ethanol (Table 5,
Entry 3) might be attributable to a competition between the alcoholic substrate and the
alcoholic solvent for interacting with the catalyst [51]. On the other hand, the adsorption of
BnOH on the surface of the catalyst could be facilitated by the less solvating non-protic
toluene, because, in these conditions, the H-bonding could only be formed between BnOH
and -NH2 groups on the silica surface. The reason of the different catalytic activity in
acetonitrile and toluene (Table 5, Entry 4 and 5) might be the higher oxygen solubility in
toluene [52,53]. Furthermore, in comparison with the non-polar toluene, the polar nature
of acetonitrile may pose an adverse effect on the catalytic oxidation of BnOH. The reason is
that BnOH is polar itself, which itself and could interacts more strongly with acetonitrile
than with toluene. This might lead to slower catalyst/substrate interaction in acetonitrile
than in toluene.
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Toluene was chosen to check the effect of temperature and oxygen concentration on the
catalytic activity and selectivity of Pd-P/NH2-SiO2 because the best activity was obtained
in this solvent and, it could provide the opportunity of performing the reaction at higher
temperatures, The reaction conditions and outcomes are reported in Table 6, and Figure 7.
BnOH conversion after 5 h raised from 11% at 50 ◦C to 24% at 80 ◦C, and remarkably up to
57% at 111 ◦C. This is in line with the general trend of catalytic BnOH oxidation [18], and
has been observed in other studies [9,54].

Table 6. Oxidation of BnOH in toluene over Pd-P/NH2-SiO2 catalyst; effect of temperature and
oxidant nature.

Entry T (◦C) Oxidant
(20 mL min−1)

BnOH
Conversion (%) 1

PhCHO
Selectivity (%) 1 TOF (h−1)

1 50 Air 11 65 55
2 80 Air 24 95 255
3 111 Air 57 63 4999
4 111 O2 78 66 5982

1 Measured by GC-MS after 5 h of BnOH oxidation: 10 mL of BnOH solution (0.1 M); 53 mg Pd-P/NH2-SiO2
catalyst with BnOH (mole)/Catalyst (g) ratio of 1:53.
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On the other hand, when using air as oxidizing agent, selectivity towards PhCHO
showed a bell-shaped behaviour: climbing from 65 to 95% by increasing the temperature
from 50 to 80 ◦C and falling back to 63% by a further rise in temperature to 111 ◦C
(Figure 7b). The absence of peaks of any by-product in the gas-chromatograms suggests
that the secondary products could be those impossible to be detected by GC-MS, i.e., toluene
or benzene. The decline in PhCHO selectivity at higher temperatures can be explained by
boosted toluene production, as the activation barrier of formation of toluene through C—O
bond cleavage is higher than that of benzaldehyde [55]. It is noteworthy that despite the
decrease in selectivity from 80 to 111 ◦C, the yield of PhCHO increased from 23 to 36%, due
to the sharp rise in the conversion.

BnOH conversion considerably increased from 57 to 78% through replacement of air
by O2 (Table 6, Entry 3 and 4). This occurred along with preservation and even a slight
enhancement of PhCHO selectivity, and without any over-oxidation of PhCHO to ben-
zoic acid, resulting in 52% PhCHO yield. This is congruent with the general trend of
Pd-catalyzed BnOH oxidation which assumes an increase in conversion and selectivity
following the rise in oxygen pressure [18], because the consequent enhancement of oxygen
solubility promotes the release of PhCHO and suppresses the toluene formation [15]. In
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short, elevating the reaction temperature and increasing the partial pressure of oxygen
uplifted the yield of PhCHO production.

The recyclability of Pd-P/NH2-SiO2 was examined at 111 ◦C using 20 mL min−1 air.
The results (Figure S4) showed that the catalyst remained active for the second and the
third rounds of the reaction, just by a simple separation and washing. Although the value
of the yield decreased from the first to the third round (from 36 to 28%), the catalyst still
preserved most of its activity.

The TOFs of Pd-P/NH2-SiO2 were calculated via Equation (10) and are reported in
Table 6 (details provided in Section 3.3 and Table S2). Predictably, the highest TOF was
observed in the experiment with the largest conversion (Table 6 Entry 4, TOF = 5982 h−1,
T = 111 ◦C, 20 mL min−1 O2). Increasing the temperature from 50 up to 111 ◦C led to
a significant raise of TOF from 55 to 4999 h−1. In addition, a quasi-TOF (TOFbulk) was
calculated for each experiment using Equation (11), which omitted the effect of metal
dispersion (Section 3.3 and Table S2). The values were expectedly smaller and followed the
same trend as that of TOF values.

Comparing the catalytic results of this research with others was rather challenging
because, despite the large volume of literature on BnOH catalytic oxidation, no research
work was found with completely similar reaction conditions. The comparison was focused
on articles that used the same metal on similar functionalized supports. The values of TOF
were chosen to correlate the catalytic activities. The TOFs of four supported palladium
catalysts are reported in Table 7 along with those of Pd-P/NH2-SiO2 and Pd◦/NH2-SiO2.
The Pd/PCF catalytic system (ref. [10] in Table 7) was chosen because of being the only
support utilized for BnOH oxidation catalyzed by Pd-P. The TOF of Pd-P/NH2-SiO2
seemed to be comparable to that of the Pd-P alloy supported on PCF [10], which itself
was higher than the TOF of metallic Pd supported on the same carbon frame, highlighting
the favorable influence of alloying Pd with phosphorous [10]. In addition, the TOF of
Pd-P/NH2-SiO2 looks comparable to that of Pd supported on aminopropyl-functionalized
TUD-1 [12] or SBA-16 [29] silica catalysts. The considerably higher activity of the silica-
supported palladium catalysts in Table 7 compared with Pd◦/NH2-SiO2 of this study might
be due to the significantly smaller Pd particle size in 1Pd/1.2APS-TUD (1.9 ± 0.2 nm) and
Pd/APS-S16 (2.8 nm) in comparison with the 12 nm Pd particle size in Pd◦/NH2-SiO2.

Table 7. TOF Comparison for Pd-P/NH2-SiO2 and other catalysts in the literature.

Catalyst Support Reaction
Conditions O2 (mL min−1) T (◦C) TOF (h−1) Reference

Pd-P/NH2-SiO2 aminopropyl-functionalized
mesoporous SiO2

Solution 20 111
5982 This study

Pd◦/NH2-SiO2 <700

1Pd/1.2APS-TUD aminopropyl-functionalized
TUD-1 silica Solvent free 20

100 2316
[12]120 3251

Pd/APS-S16 aminopropyl-functionalized
SBA-16 silica Solvent free 20

100 ~5600
[29]110 ~6070

Pd/PCF porous carbon frame Solvent free
(continuous flow) 5 70

2147
[10]Pd-P/PCF 6289

3. Materials and Methods
3.1. Catalyst Synthesis
3.1.1. Materials

Mesoporous silica (STREM Chemicals U.S., Newburyport, MA, USA); oleylamine
(OAm, Sigma-Aldrich U.S., St. Louis, MO, USA); trioctylphosphine (TOP, Sigma-Aldrich
U.S.), palladium(II) chloride (PdCl2, Sigma-Aldrich U.S.); (3-aminopropyl)-triethoxysilane
(3-APTES, Sigma-Aldrich U.S.); toluene (Sigma-Aldrich U.S.); ethanol (Sigma-Aldrich U.S.);
acetonitrile (Sigma-Aldrich U.S.); diethyl ether (Sigma-Aldrich U.S.); Celite (Standard Super
Cel® fine-filter aid, calcined; Sigma-Aldrich U.S.); citric acid (Sigma-Aldrich U.S.); sodium
hydroxide (NaOH, Sigma-Aldrich U.S.); n-dodecane (Sigma-Aldrich U.S.); potassium tetra-



Catalysts 2022, 12, 20 14 of 19

chloropalladate(II) (K2PdCl4, Sigma-Aldrich U.S.); sodium hypophosphite monohydrate
(NaH2PO2·H2O, Alfa Aesar U.S., Haverhill, MA, USA).

3.1.2. Functionalization of Silica by Aminopropyl Groups

Commercial mesoporous silica was functionalized by adding aminopropyl groups on
the surface according to the following procedure: 1.00 g (16.6 mmol) of mesoporous silica,
100 mL of toluene and 2.50 mL of 3-APTES (10.7 mmol; molar ratio SiO2/3-APTES = 1.55)
were stirred under argon flow at reflux for 48 h; then, the mesoporous silica was washed
and centrifuged with water and ethanol, and finally dried in air at room temperature (RT)
overnight [25]. The obtained functionalized silica was named NH2-SiO2.

3.1.3. Synthesis of Pd◦ NPs

First, 35.5 mg (0.20 mmol) of PdCl2, 20 mL (60.80 mmol) of OAm and 0.10 mL of TOP
(0.22 mmol) were added in a flask and heated under stirring up to 200 ◦C in argon flow
for 1 h. A gradual colour changing from light yellow to brown and finally to black, was
observed during the treatment, indicating the nucleation and subsequent growth of Pd◦

particles. Then, the Pd◦ nanoparticles (NPs) were extracted from the solution by adding
50 mL of isopropanol, followed by centrifugation. The Pd◦ NPs were further washed and
dispersed in 10 mL of cyclohexane [32].

3.1.4. Deposition of Pd◦ NPs on NH2-SiO2

In order to deposit 2.0 wt.% Pd◦ NPs over NH2-SiO2, 250 mg of NH2-SiO2 were
dispersed in 20 mL of cyclohexane and subjected to ultrasonication for 1 h. Then, one-
fourth of the Pd◦ NP dispersion (from Section 3.1.3) was diluted to 5 mL with cyclohexane
and added to support dispersion, followed by 1 h of ultrasonication. The resulting solid
was finally washed with ethanol, separated by centrifugation, and air-dried overnight at
RT. The sample was designated as Pd◦/NH2-SiO2.

3.1.5. Loading Pd-P Alloy on NH2-SiO2

Totals of 810 mg (4.2 mmol) of citric acid, 18 mL of ethanol, and 460 mg (11.5 mmol) of
NaOH were added to 70 mL of water and mixed by stirring to obtain sodium citrate. Then,
31.3 mg of K2PdCl4 (0.1 mmol), corresponding to 2.0 wt.% of Pd in the final catalyst, was
added to the solution under stirring. Next, 500 mg of functionalized silica (NH2-SiO2) was
added, and the obtained mixture was maintained under stirring for 2 h. Finally, 510 mg
of NaH2PO2·H2O (4.8 mmol) was dissolved in 50.0 mL of water, and dropped into the
mixture under stirring, which was continued for 4 h at 80 ◦C, causing the in situ reduction
to produce Pd◦ and the formation of the Pd-P alloy. The precipitate was washed with
water and ethanol several times and dried overnight in air at RT. The sample was named
Pd-P/NH2-SiO2.

3.2. Characterization Technics

The surface area (S.A.) of the material was measured by N2 adsorption–desorption
isotherms at −196 ◦C using a Micromeritics Gemini V apparatus. Before the measurement,
0.020 g of sample was degassed at 200 ◦C in He flow for 2 h. The surface area was
calculated by BET method in the equilibrium pressure range of 0.05 < p/p◦ < 0.3. The
pore size distribution was calculated from the desorption branch of the isotherms by BJH
method, and the total pore volume was calculated from the maximum adsorption point
at p/p◦ = 0.98. Catalyst morphology was studied by a Zeiss Sigma 300 VP-FESEM set-up
with an accelerating voltage of 20 kV and a working distance of 4.0 mm, equipped with
a high-resolution secondary electron detector (in-lens detector), and with energy-dispersive
detector (EDS) that can provide a reasonable quantification of elements heavier than carbon.
The powder was dispersed in isopropyl alcohol and ultrasonicated for 15 min. Then, a drop
of the suspension (~20 µL) was placed on a sample holder with thin graphite film.
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TEM was employed to evaluate the dispersion and the particles size of palladium
using a JEM 200CX (JEOL, Peabody, MA, USA) instrument operating at 200 kV. The
powder was 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. The surface-weighted average diameter
-
d(nm) of Pd◦ or Pd-P

species was calculated from the number of particles Ndi with a diameter di according to
Equation (5), by measuring the diameter with the software ImageJ:

-
d(nm) =

∑i=1
n Ndi × d3

i

∑i=1
n Ndi × d2

i
(5)

The dispersion D(%) of Pd◦ or Pd-P species was calculated according to Equation (6):

D(%) = 6× 109·VPd
APd
· 1-
d

(6)

where VPd is the volume of a Pd atom in bulk metal (1.47 × 10−23 cm3) and APd is the area
of a Pd surface atom 7.93 × 10−16 cm2 (see Table 2 in [56]).

FTIR analysis was performed by Thermo Nicolet nexus, Spectrum 100. Powder was
diluted in KBr and pressed as tablet at 2 Tons.

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

(λ = 1.5418 Å) source and the Bragg–Brentano θ–θ configuration in the 2θ = 10–80 range,
with 2θ = 0.05◦ step size and 1 s acquisition time.

TG-DTA analyses were performed by a Mettler Toledo TGA/DSC1 Star System, heat-
ing 7 ± 0.5 mg of sample from 30 up to 800 ◦C with a ramp of 10 ◦C min−1 in a mixture of
70 cm3 min−1 of synthetic air and 30 cm3 min−1 of N2.

The elemental surface composition of the samples was determined by XPS. The powder
was pressed into pellets, and the measurement was carried out with a VG Escalab MkII
Spectrometer using Alka X-ray emission (1486.6 eV). A reference gold wire was placed
on the pellet to account for possible sample charging. The XPS chamber is equipped with
oil-free pumps to avoid carbon contaminations, and the measurement was performed in
a base vacuum of 3.0 × 10−9 mbar. Photoelectrons emitted by C 1s, N 1s, O 1s, Si 2p, and
Pd 3d and P 2p core levels were detected; the corresponding peaks in the spectra were fitted
with a Shirley background and Lorentzian–Gaussian peak functions. Energy resolution of
binding energies are reported after correction for charging, using O 1s as a reference at BE
533.0 eV oxygen in the Si-O-Si bond [57].

3.3. Catalytic Test

The activity of the catalysts for the BnOH oxidation reaction was investigated using
a 25 mL three-neck flask, fitted with reflux condenser and thermometer. A pre-heated
silicon oil bath was utilized to heat the flask and reactants. Air or pure oxygen was bubbled
onto the reaction mixture at rate of 20 cm3 min−1 through a mass flow controller, while main-
taining continuous and vigorous stirring. The reaction was performed using either 10 mL of
0.016 M BnOH solution and 32 mg of catalyst, or 10 mL of 0.1 M BnOH solution and 53 mg
of catalyst, varying solvent nature, temperature, and oxidizing agent (Tables 5 and 6). The
reaction was monitored via a Shimadzu VG 70/250S GC-MS, equipped with a Supelco
SLB™ column (30 m, 0.25 mm, and 0.25 m film thickness). The GC-MS analysis started
at 50 ◦C, then raised up to 250 ◦C (10 ◦C min−1 temperature gradient). To remove the
catalyst and adjust a proper concentration for GC-MS analysis, each sample taken from the
reactions was passed through a celite filter being eluted with diethyl ether. N-dodecane
was utilized as the internal standard to monitor the changes in the concentration of BnOH
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and the products during the reaction. BnOH conversion and PhCHO selectivity are defined
in Equations (7) and (8), respectively.

Conversion (%) =
moles of benzyl alcohol reacted
initial moles of benzyl alcohol

× 100 (7)

Selectivity (%) =
moles of benzaldehyde produced
moles of benzyl alcohol reacted

× 100 (8)

The yield of PhCHO was calculated from the conversion and selectivity via Equation (9)

Yield (%) =
Conversion× Selectivity

100
(9)

TOF was calculated from BnOH conversion below 20%, by the following Equation (10)

TOF
(

h−1
)
=

n·X
D·mPd

MPd
·t

(10)

where n is the initial moles of benzyl alcohol, X (%) is the benzyl alcohol conversion, D (%)
is the Pd dispersion by TEM analysis and Equation (6) (32%), m (g) is the mass and M (g)
is the molar mass of Pd (g mol−1), t is the reaction time (h). Pd content was estimated by
SEM-EDS (0.91 ± 0.23%w/w). More details about the calculations of TOF are reported in
Table S2.

In addition, turnover frequency of Pd-P/NH2-SiO2 based on total Pd content (TOFbulk)
was calculated by Equation (11), which is the result of omitting D from Equation (10).

TOFbulk

(
h−1

)
=

n·X
mPd
MPd
·t

(11)

For calculation of TOFbulk, BnOH conversion at 1 h was utilized. The values of TOFbulk
are reported in Table S2.

4. Conclusions

In the search for new green nano-catalyst, Pd-P alloy nanoparticles were supported on
the high-surface area silica functionalized by 3-APTES, and the product was compared with
the corresponding Pd◦/NH2-SiO2 catalyst. The XRD, BET, SEM, TEM characterizations of
the two catalysts evidenced that they consisted of amorphous silica particles functionalized
by aminopropyl groups with meso-pores of very similar dimensions, with nearly spherical
Pd◦ or Pd-P NPs homogenously distributed on the surface. XRD and XPS characterization
revealed that on the Pd-P/NH2-SiO2, the palladium was loaded as a Pd-phosphide alloy
with a stoichiometric excess, being the atomic ratio Pd/P = 2. Palladium NPs were smaller
in the Pd-P/NH2-SiO2 sample, suggesting that the formation of the Pd-P alloy favours the
metal dispersion.

Pd-P/NH2-SiO2 was active for the oxidation of BnOH to PhCHO, and its activity
was significantly influenced by the nature of the solvent, whereas Pd◦/NH2-SiO2 was
almost inactive regardless of the solvent. The better catalytic activity of Pd-P alloy might be
explained by the lower electron density on Pd due to the presence of phosphorous and/or
by the smaller particle size of Pd-P alloy. The best performance of Pd-P/NH2-SiO2 occurred
in the non-polar non-protic toluene. In this solvent, the BnOH conversion and the TOF
increased significantly by the temperature up to boiling point. Using pure O2 instead of air
as oxidant caused a further increase in the conversion from 57 to 78%. The best selectivity
was obtained at 80 ◦C; nevertheless, the PhCHO yield increased by the temperature up
to the boiling point, due to the significant increase of the conversion. The highest TOF of
Pd-P/NH2-SiO2 (5982 h−1) was achieved at the boiling point of toluene and in the presence
of pure oxygen.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal12010020/s1, Figure S1: Materials produced by loading (a) Pd◦ and (b) Pd-P alloy
particles on pristine silica support; Figure S2: Products of palladium nanoparticles syntheses, varying
the Oam/TOP ratio and the reaction time; Figure S3: (a) Pd◦/NH2-SiO2 and (b) Pd-P/NH2-SiO2
before final drying. Table S1: Effect of 3-APTES concentration on surface area of SiO2 nanoparticles.
Figure S4: Recyclability of Pd-P/NH2-SiO2 in terms of PhCHO yield. Table S2: Details of calculation
of TOF and TOFbulk of Pd-P/NH2-SiO2.
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