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Abstract: Hydrogenations and hydrodeoxygenations represent two of the most important reactions
in the production of both bulk and fine chemicals. Despite the wide and long use of metal-based
catalysts for this reaction, there is still some uncertainty with respect to the properties governing the
catalyst activity. Using the hydrogenation of benzaldehyde as a model reaction, in this paper, we
disclose the dominant parameters determining catalyst activity of Pd nanoparticles supported on a
carbonaceous material (carbon nanoplates, GNP). In particular, several operating parameters of the
catalyst synthesis were varied in order to obtain materials with differences in such physico-chemical
properties as nanoparticle size, Pd oxidation state and Pd surface exposure. A linear correlation
between catalyst activity and the amount of surface Pd(0) atoms was found; this dependence,
maintained after catalyst recycling, pointed out the nature of the active site of the Pd/GNP catalyst
represented by exposed Pd(0) species.

Keywords: catalytic active site; hydrogenation reaction; Pd/C catalyst

1. Introduction

The ultimate goal in heterogeneous catalysis is the accurate design of a catalyst that
drives the reaction to the desired products. In this sense, researchers are deeply studying
the properties of catalysts to reach correlations between the activity of a catalyst and its
features [1]. Moreover, thanks to the development of advanced characterization techniques,
it is now possible to carefully study the physico-chemical properties of catalysts, making it
possible to identify the discriminating factors for an active and selective catalyst.

It is well known that supported noble metal nanoparticles (NPs) are active in re-
duction reactions, although high temperatures and hydrogen pressures are often re-
quired [2,3]. The synthetic procedure of catalysts is a key factor that influences catalyst
morphology. Supported metal NPs can be prepared by means of impregnation, deposition-
precipitation, polyol processes, sol-immobilization and other techniques. Among these,
sol-immobilization [4] is widely used since it makes it possible to obtain a narrow particle
size distribution and a good metal dispersion regardless of the support [5–7]. The key
feature of preparation by sol-immobilization is the use of capping agents [8–11], which
prevent the agglomeration of NPs during both the their synthesis and immobilization steps,
thus providing good metal dispersion on the support. However, the capping agent itself
can also influence the final performance of metal NPs. On one hand, the presence of a
stabilizer can decrease catalytic activity by hindering the access of the substrate to the
active site [12]. On the other hand, recent studies revealed that capping agents increase
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the complexity of the system by transferring charges at the organic-metal interface or by
creating noncovalent interactions between the substrate and the ligand itself [13]. Therefore,
capping agents not only impact the size of NPs [14,15], but they can also act as promoters
by modifying the selectivity in various liquid-phase reactions [7,13]. From a catalytic point
of view, many studies showed that the Pd NPs’ sizes can largely influence the catalyst
activity during the reduction of nitro compounds [16,17], the electrocatalytic reduction of
CO2 [18] and the hydrogenation of allyl alcohol [19], but some studies also highlighted
the importance of the initial oxidation state of the active metal. Zorn et al. studied the
influence of the oxidation state of Pd NPs within CO oxidation [20]. The authors found
that alumina-supported Pd0 NPs and sub-stoichiometric PdOx < 1 NPs exhibited similar
and high activities, while the full oxidized catalyst showed low activity. Similar results
were obtained by Xiong et al. during hydrocarbon oxidation [21]. Qing et al. studied the
role of Pd0 and Pd2+ in the decomposition reaction of formic acid [22]. The authors found
that metal Pd is the active species while PdO eliminates the undesired dehydration route,
thus preserving the catalyst’s selectivity. Furthermore, the effect of the Pd particle size
and oxidation state on the activity and selectivity during muconic acid hydrogenation was
evaluated [23], and it was shown that the increasing of Pd0 contents improves the catalyst
activity towards adipic acid formation.

In this work, Pd NPs supported on graphene nano-plates (GNP), a stable graphitic
support, were synthesized by sol-immobilization. We chose a carbon support in order
to limit strong metal-support interaction (SMSI) and, thus, reduce the complexity of the
system and allow an unambiguous identification of the dominant NP properties.

By combining and varying the operating parameters, we were able to obtain catalysts
with different physico-chemical properties (i.e., NP size, Pd oxidation state and Pd surface
exposure). After the removal of the capping agent by gentle washing at 60 ◦C, the catalysts
were tested in the liquid-phase hydrodeoxygenation (HDO) of benzaldehyde. Indeed,
benzaldehyde’s reduction is widely studied as model reaction for biomass valorization to
fuels and many papers report the HDO of benzaldehyde to toluene under mild operating
conditions using Pd-based catalysts. [24–26] The influence of the above-mentioned NP
properties on the catalytic performance in the hydrogenation of benzaldehyde was carefully
studied to identify the dominant parameters that determine the activity and stability of
catalysts.

2. Results and Discussion
2.1. Catalyst Characterisation

In this study, the synthesis conditions associated with the sol-immobilization technique
were varied to obtain catalysts with differences in their characteristics, specifically in their
stabilizer/metal weight ratios, their solvents of synthesis and the rates of addition of their
reducing agents. Poly (vinyl alcohol) (PVA) was used as stabilizer; the PVA/metal weight
ratio was changed from 0.2 to 1.0, while two catalysts were prepared using either pure
ethanol (EtOH) or a mixture of water and ethanol (1:1 vol/vol) as solvent instead of pure
water used for the other synthesis. Finally, in order to decrease the reduction rate of the
metal precursor, the synthesis was carried out by adding the reducing agent (NaBH4) at
different rates. Moreover, it should be pointed out that the reducing agent and metal
precursor contain other elements such as Na, Cl and B, which can interfere with catalysis.
In particular, Pd based catalysts are extensively influenced by chloride species. These
species can facilitate particle sintering, while other impurities either distort or block the
surface electronic interactions with the metal, leading to poor performance [27]. In addition,
as highlighted in the Introduction, the capping agent could have a non-trivial effect on
catalytic activity and selectivity. For all these reasons, extensive washing of the catalyst
with warm water was performed after synthesis and before characterization.

The as-synthesized catalysts were labelled as w-Pd/GNPx-y-z, where “x” represents
the PVA/metal weight ratio, “y” represents the solvent of synthesis and “z” represents
the rate of NaBH4 addition; an additional “w” was placed in front of the catalysts that
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underwent a washing step. For example, the w-Pd/GNP0.5-H2O-fast sample represents the
catalyst that was synthetized in pure water using a 0.5 PVA/metal weight ratio and a quick
NaBH4 addition, and that was fully washed of impurities and stabilizer at the end of the
procedure.

The effectiveness of the washing steps on impurities and PVA removal was studied
by XPS analysis. Considering the survey spectra (Figure S1) of all the unwashed samples,
a relative atomic amount of Cl (derived from the metal precursor) of 0.09–0.12% was
calculated, indicating that some chlorine species were present on the catalyst surface. On
the contrary, no Cl species were detected on the washed samples. In the XPS survey
analyses, no Na or B species were revealed, highlighting the efficiency of the washing
procedure, which was performed on the basis of previous experience.

PVA removal was checked following the O/C ratio of the unwashed and washed
samples. We noticed that the washed catalysts showed an O/C ratio that was lower than
the respective as-synthesized catalysts (Table S1), and generally approaching that of bare
GNP. For example, the bare support showed an O/C ratio of 0.056, while the unwashed
Pd/GNP0.5-H2O-fast sample had an O/C ratio of 0.084. After the washing of the catalysts,
the O/C ratio decreased to 0.059, a value close to the one of the bare support. This behavior
was observed for all the other samples as well. These results suggested that the washing
procedure not only removed the impurities, but it was effective for the removal of the
stabilizer as well. To confirm this analysis, the high-resolution spectra of the C 1s species
were also evaluated (Table S1, Figure S2). Since the GNP is a highly graphitized support, the
amount of surface hydroxyl/ether moieties (C–O), carbonyl groups (C=O) and carboxylic
groups (O=C–O) is very low. The unwashed sample (for example, Pd/GNP0.5-H2O-fast) had
a C–O concentration (35.2%) that was higher than that of the washed sample (26.1%) and the
bare support (25.6%). Interestingly, all the washed samples presented a C–O concentration
in the range of 23.9–26.8%, which was always lower than the C–O concentration in the
corresponding unwashed catalysts. Therefore, these results provide further evidence of the
nearly complete removal of PVA during the catalyst washing.

All the washed catalysts were characterized by ICP analysis in order to evaluate the
experimental Pd loading (Table 1); values of 1.0 ± 0.1 wt% were obtained with all the
samples, confirming that the washing step did not affect the anchoring of Pd nanoparticles
to the surface of the support.

Table 1. Characterization results of the ICP, TEM and XPS analyses.

Catalyst Metal Loading
* (wt%)

Mean NPs Size
§ (nm)

Pdexposure
ç

(atomic %) Pd(0) ç Pd(0)exposure
◦

(%)

w-Pd/GNP0.5-H2O-fast 1.0 ± 0.1 3.6 ± 1.1 0.55
B.E. (eV) 335.5

0.37Atomic (%) 68

w-Pd/GNP0.2-H2O-fast 1.0 ± 0.1 4.6 ± 1.4 0.55
B.E. (eV) 336.0

0.44Atomic (%) 79

w-Pd/GNP1.0-H2O-fast 1.0 ± 0.1 4.4 ± 2.0 0.27
B.E. (eV) 336.0

0.16Atomic (%) 63

w-Pd/GNP0.5-EtOH-fast 1.0 ± 0.1 5.7 ± 2.1 0.54
B.E. (eV) 335.7

0.47Atomic (%) 88

w-Pd/GNP0.5-EtOH/H2O-fast 1.0 ± 0.1 8.3 ± 3.9 0.37
B.E. (eV) 335.9

0.34Atomic (%) 93

w-Pd/GNP0.5-H2O-medium 1.1 ± 0.1 5.5 ± 2.1 0.37
B.E. (eV) 335.7

0.36Atomic (%) 99

w-Pd/GNP0.5-H2O-slow 1.0 ± 0.1 4.7 ± 1.5 0.45
B.E. (eV) 336.1

0.45Atomic (%) 99

* evaluated by ICP analysis, § evaluated by TEM analysis, ç evaluated by XPS analysis, ◦ product between
Pdexposure and Pd(0).



Catalysts 2022, 12, 251 4 of 12

TEM analyses (Figure 1) were used to evaluate the Pd NPs size and size distribution
(Table 1, 3rd column, Figure S3). The synthesized catalysts showed a mean particle size
range from 3.6 to 8.3 nm. The w-Pd/GNP0.5-H2O-fast catalyst showed the smallest parti-
cle size, which was increased by reducing the NaBH4 addition rate (medium or slow),
probably due to the decreasing of the nucleation rate with respect to the growth rate. w-
Pd/GNP0.5-EtOH/H2O-fast showed the highest average diameter with a wide particle size
distribution (Figure S3E). The particles were well dispersed on the support despite some
agglomerations, particularly in the w-Pd/GNP0.2-H2O-fast catalyst (Figure 1B). This catalyst
was prepared with the lowest amount of stabilizer, and the NPs seemed to have agglomer-
ated, possibly due to a reduced steric effect originating from the chemical bonding of the
hydroxyl group of PVA to the metal.

Figure 1. TEM images of the (A) w-Pd/GNP0.5-H2O-fast, (B) w-Pd/GNP0.2-H2O-fast, (C) w-
Pd/GNP1.0-H2O-fast, (D) w-Pd/GNP0.5-EtOH-fast, (E) w-Pd/GNP0.5-EtOH/H2O-fast, (F) w-
Pd/GNP0.5-H2O-medium and (G) w-Pd/GNP0.5-H2O-slow catalyst.
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The exposed Pd atomic % was evaluated from the survey spectra recorded during the
XPS analyses, representing the atomic % of Pd detected on the catalyst surface. The Pd
exposure on the GNP surface was in the range of 0.27–0.54%. The w-Pd/GNP0.5-H2O-fast
and w-Pd/GNP0.2-H2O-fast catalysts showed very similar amounts of exposed Pd (0.55%),
while unexpectedly, the catalyst synthesized using the highest capping agent amount (w-
Pd/GNP1.0-H2O-fast) exhibited the lowest Pd exposure (0.27%) despite having a quite similar
particle size. The relative amount of Pd(0) with respect to total exposed Pd was evaluated
by deconvolving the Pd 3d region obtained from HR-XPS measurements (Figure 2).

Figure 2. HR spectra of the Pd 3d region of (A) w-Pd/GNP0.5-H2O-fast, (B) w-Pd/GNP0.2-H2O-fast,
(C) w-Pd/GNP1.0-H2O-fast, (D) w-Pd/GNP0.5-EtOH-fast, (E) w-Pd/GNP0.5-EtOH/H2O-fast, (F) w-
Pd/GNP0.5-H2O-medium and (G) w-Pd/GNP0.5-H2O-slow catalyst.

The relative Pd(0) amount was, in all samples, in the range of 63 to 99% (Table 1).
When NaBH4 is added to an aqueous solution, as the decomposition proceeds, the pH of
the solution increases [28]. NaBH4 is more stable at high pH, its decomposition slows down
and its reducing power decreases. This implies that after 30 min, using water as solvent,
the NaBH4 decomposition is insufficient to completely reduce the metal precursor in the w-
Pd/GNP0.5-H2O-fast sample. By decreasing the addition rate of NaBH4, the pH change is not
as drastic and NaBH4 decomposes faster, which, in turn, should increase the reduction rate
of the metal precursor. This could explain why the catalysts prepared through the slow and
medium addition of NaBH4 (w-Pd/GNP0.5-H2O-medium and w-Pd/GNP0.5-H2O-slow) showed
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a complete reduction of the metal precursor (Pd(0) = 99%). In contrast, when NaBH4 is
added to a water/alcohol solution, its decomposition rate drastically increases, allowing
a complete reduction in a short time [28]. This explains why the w-Pd/GNP0.5-EtOH-fast
and w-Pd/GNP0.5-EtOH/H2O-fast samples showed higher Pd(0) amounts (88% and 93%,
respectively) than the w-Pd/GNP0.5-H2O-fast catalyst (68%). When increasing the PVA/metal
weight ratio from 0.2 to 1, the amount of Pd(0) decreased. This could be ascribed to the
steric hindrance of PVA around the metal precursor, which limited the diffusion of the
reducing agent to the metal precursor.

2.2. Catalytic Activity

The catalysts were tested in the hydrogenation of benzaldehyde under mild operating
conditions (50 ◦C and 2 bar of H2) in order to guarantee a kinetic regime. A general
trend of the reaction is reported in Figure 3 for the w-Pd/GNP0.5-H2O-fast catalyst. The
hydrogenation reaction of benzaldehyde followed a typical consecutive reaction pathway,
with an initial hydrogenation step to benzyl alcohol followed by hydrodeoxygenation to
form toluene.

Figure 3. Reaction profile using the Pd/GNP0.5-H2O-fast catalyst. Reaction conditions: 50 ◦C, 2 bar of
H2, substrate/metal ratio of 1000:1 mol/mol.

The catalytic activity was evaluated using Equation (3), and it is reported in Table 2.
As already mentioned, the stabilizer can have a great impact on the performance of
metal NPs due to the hindered contact of the substrate on the active site and its chem-
ical nature [7,12,13]. Therefore, the removal of PVA from the catalyst surface could in-
crease the catalyst activity. The impact of residual PVA was first evaluated by compar-
ing the performances of Pd/GNP0.5-H2O-fast and the corresponding washed sample (w-
Pd/GNP0.5-H2O-fast). An expected increase in initial activity was observed by washing
off the PVA (from 0.48 to 0.59 s−1). By removing the stabilizer, the metal surface was
more accessible for substrate adsorption and subsequent conversion, thus increasing the
reaction rate. A general trend was obtained overall when considering all other unwashed
and washed catalysts: post-synthesis washing increases the catalyst activity. The washed
samples showed an initial activity in the range of 0.34–0.79 s−1 and, after 15 min of reaction,
the selectivity towards benzyl alcohol was close to 90% in all cases. After 2 h of reaction, all
catalysts had fully converted benzaldehyde into toluene (reaction profiles are reported in
Figure S4).
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Table 2. Catalytic results of the various synthesized catalysts.

Sample Initial Activity *
(s−1)

Conversion *
(%)

Selectivitybenzyl alcohol *
(%)

Selectivitytoluene *
(%)

Pd/GNP0.5-H2O-fast 0.48 40 88 12
w-Pd/GNP0.5-H2O-fast 0.59 54 91 9
w-Pd/GNP0.2-H2O-fast 0.66 60 94 6
w-Pd/GNP1.0-H2O-fast 0.34 31 91 9
w-Pd/GNP0.5-EtOH-fast 0.79 72 91 9

w-Pd/GNP0.5-EtOH/H2O-fast 0.54 49 95 5
w-Pd/GNP0.5-H2O-medium 0.60 54 94 6

w-Pd/GNP0.5-H2O-slow 0.76 70 94 6

* calculated after 15 min of reaction. Reaction conditions: 50 ◦C, 2 bar of H2, substrate/metal ratio of 1000:1
mol/mol.

2.3. Activity/Catalyst Properties Correlation

Characterization and kinetic results were brought together in order to identify the dom-
inant catalyst features that determined the hydrogenation activity of benzaldehyde. Consid-
ering the NPs’ size and initial activity, no particular trend was observed (Figure S5). In fact,
catalysts that exhibited a similar average diameter often showed different initial activity.
For example, the w-Pd/GNP0.2-H2O-fast, w-Pd/GNP1.0-H2O-fast and w-Pd/GNP0.5-H2O-slow
catalysts showed an activity of 0.66, 0.34, 0.76 s−1, respectively, despite having similar
Pd NP sizes, i.e., 4.4, 4.6 and 4.7 nm, respectively (Table 1). Therefore, the analysis was
extended to other catalyst surface properties.

In this regard, the amount of exposed Pd derived from the XPS survey spectra was
considered next. Furthermore, in this case, no regular trend was obtained, since catalysts
with the same Pd exposure gave different initial activities (Figure S6A) even if it was
observed that increased Pd exposure led to increased activity.

We thus turned our attention to the relative Pd(0) amount, for which the initial activity
seemed to increase with the metallic Pd percentage, although some deviations from this
trend could be observed (Figure S6B). It is well known that hydrogenation/hydrogenolysis
reactions mainly occur on metallic Pd thanks to easier hydrogen dissociation towards sur-
face H species, which reduce carbonyl groups and C–C double bonds [29,30]. Considering
the emerging trends between the initial activity, Pd exposure and relative Pd(0) amount,
we then looked at the exposed Pd(0) concentration (referred to as Pd(0)exposed) that could
be calculated by multiplying the Pdexposure and the relative Pd(0) amount (Equation (1)).

Pd(0)exposed(%) =
Pdexposed

100
·Pd(0) (1)

This value represents the amount of Pd(0) exposed at the surface relative to the total
available catalyst surface. Table 1 reports all the calculated values. By plotting the initial
activity vs. the amount of exposed Pd(0), we successfully obtained a linear trend (Figure 4),
implying that the reaction rate of the hydrogenation of benzaldehyde is mainly ruled by
the concentration of exposed Pd(0). The latter can be tuned by adapting the synthetic
methodology used.
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Figure 4. Influence of the exposed Pd(0) on the initial activity of the different catalysts:
(a) Pd/GNP0.5-H2O-fast, (b) Pd/GNP0.2-H2O-fast, (c) Pd/GNP1.0-H2O-fast, (d) Pd/GNP0.5-EtOH-fast,
(e) Pd/GNP0.5-EtOH/H2O-fast, (f) Pd/GNP0.5-H2O-medium and (g) Pd/GNP0.5-H2O-slow.

Recycling tests were also performed on w-Pd/GNP0.5-H2O-fast to study the catalyst
stability (Figure 5). After 15 min, the conversion and product selectivity remained stable
after at least four cycles. The spent catalyst recovered at the end of the fourth run was
characterized to detect any significant changes to the surface properties. XPS analysis of
the used catalyst revealed a lower Pd exposure than the one present in the fresh sample
(0.43% versus 0.55%, respectively, Table 3); however, this was counteracted by an increase
in the relative amount of metallic Pd (from 80 to 87%). This increase was consistent with
the reducing environment employed for the reaction, which was able to partially reduce
Pd(II) to Pd(0) [31]. Overall, the fresh and used catalysts exhibited the same amount of
exposed Pd(0) on the catalyst surface, which explains their similar initial activities, and
further confirms the correlation between Pd(0)exposed and activity (Table 3).

Figure 5. Results of the recycling tests with the Pd/GNP0.5-H2O-fast catalyst. Conversion (black
squares) and products selectivity (bars) were evaluated after 15 min of reaction.
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Table 3. Comparison of the XPS results of the fresh and used catalyst.

Catalyst Pdexposure
(Atomic %)

Pd(0)
(Atomic %)

Pd(0)exposure
(%)

w-Pd/GNP0.5-H2O-fast fresh 0.55 68 0.37
w-Pd/GNP0.5-H2O-fast used 0.43 87 0.37

3. Materials and Methods

Poly(vinyl alcohol) (PVA), benzaldehyde, p-xylene, Na2PdCl4·4H2O, NaBH4 and
H2SO4 were purchased from Merk (Darmstadt, Germany). Grade-C Graphene Nanoplatelets
(GNP-500) were purchased from XG-Science (Lansing, MI, USA).

3.1. Catalyst Syntheses

The 1%Pd/GNP catalysts were prepared using the sol-immobilization method and,
by varying the synthesis parameters, catalysts of different Pd NP sizes were obtained [23].

Generally, 100 mL of solvent (milliQ-grade water or EtOH) were degassed under
nitrogen flow for 1 h in a round-bottom flask to eliminate the dissolved oxygen (the
nitrogen flow was kept constant throughout the whole synthesis). Then, the degassed
solvent was heated to 30 ◦C; 2 mL of Pd precursor (Na2PdCl4, 5 mg/mL) was added under
vigorous stirring. Subsequently, the stabilizer (PVA, 1 wt%) was added in the desired
amount, while a fresh solution of NaBH4 (0.15 M) was prepared and 5 mL was added to the
Pd precursor solution at different rates (as reported in Table 4). The colloidal suspension
was then maintained under vigorous stirring for 30 min. A quantity of 0.99 g of the GNP
support was then added to the Pd suspension and 3 drops of concentrated H2SO4 were
introduced to enhance the Pd immobilization on the support (pH 2). The immobilization
step lasted 1 h under constant nitrogen flow and vigorous stirring. Finally, the catalyst was
filtered and washed until neutral pH was reached. In Table 4, the list of the synthesized
catalysts and the operating conditions used for each synthesis are reported.

Table 4. Operating parameters used for the catalysts’ syntheses.

Catalysts PVA/Metal
(wt%/wt%) Solvent NaBH4 Addition

w-Pd/GNP0.5-H2O-fast 0.5 H2O Instantaneous

w-Pd/GNP0.2-H2O-fast 0.2 H2O Instantaneous

w-Pd/GNP1.0-H2O-fast 1.0 H2O Instantaneous

w-Pd/GNP0.5-EtOH-fast 0.5 EtOH Instantaneous

w-Pd/GNP0.5-EtOH/H2O-fast 0.5 EtOH/H2O
(1:1 vol/vol) Instantaneous

w-Pd/GNP0.5-H2O-medium 0.5 H2O Over 2 min

w-Pd/GNP0.5-H2O-slow 0.5 H2O Over 4 min

3.2. Catalyst Washing

Removal of the impurities (Na, Cl, S, B) and PVA was performed by suspending
0.5 g of catalyst in 50 mL of milliQ-grade water three times at 60 ◦C for 30 min under
vigorous stirring. The efficiency of the washing process was checked by recording X-ray
photoelectron spectroscopy (XPS) spectra.

The washed samples were labelled by adding the prefix “w” to the respective catalyst
labels.

3.3. Catalysts Characterization

Inductively coupled plasma (ICP) analysis was performed to evaluate the nominal
Pd loading of the catalysts. Before the analysis, 0.07 g of catalyst was added to 4.0 mL of
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HNO3 and 1.0 mL of H2O2. The mixture was then placed in a microwave setup with a
heating ramp from 25 ◦C to 200 ◦C at 10 ◦C min−1. The maximum temperature was kept
constant for 20 min. The digested samples were then cooled at room temperature and the
solution was recovered using milliQ-grade water. The samples were diluted to obtain a
final calculated Pd concentration of 2 ppm. Sample digestion and ICP were performed
2 times to verify the reliability of the protocol.

Transmission electron microscopy (TEM) analyses were carried out on a FEI Tecnai
F20 microscope in order to evaluate the Pd NPs’ sizes. The instrument was equipped with a
Field Emission Gun (FEG) and operated at an accelerating voltage of 200 kV. Samples were
prepared by sonication of the sample in isopropanol followed by deposition on 300-mesh
copper grids coated with lacey carbon film. Histograms of the particle size distribution
(PSD) were obtained by counting at least 500 particles. The mean particle diameter (dm)
was calculated using the formula dm = ∑ dini/ ∑ ni where ni is the number of particles of
diameter di.

X-ray photoelectron spectroscopy (XPS) was performed on bare support and washed
samples. The survey and the high-resolution spectra (HR) of C1s and Pd 3d regions were
acquired using an M-probe apparatus. The spectra were recorded by using an Al Kα X-ray
line.

3.4. Catalytic Reactions

Benzaldehyde hydrogenation reactions were performed in a 100 mL stainless steel
autoclave under mild conditions (50 ◦C, 2 bar of H2) using p-xylene as a solvent. In a typical
experiment, 10 mL of a 0.3 M solution of benzaldehyde in p-xylene and an appropriate
amount of catalyst (substrate-to-metal molar ratio of 1000:1) were placed into a glass inlet
inside the autoclave along with a magnetic stirrer. The system was first flushed several
times with N2 to remove any residual oxygen in the atmosphere, and then pressurized
with H2 to 2 bar. The reaction was then heated at 50 ◦C and the solution stirred at a
constant stirring rate of 1000 rpm. Samplings were carried out by stopping the stirring
and quenching of the reaction in an ice bath. Product identification was carried out with
a GC-MS (Thermo Scientific, USA, ISQ QD equipped with an Agilent, USA, VF-5 ms
column), while product quantification was carried by GC-FID analysis (Thermo Scientific
TRACE 1300 equipped with an Agilent, USA, HP-5 column). Benzaldehyde conversion
was evaluated using Equation (2)

Conversion (%) =
nt=0 − nt

nt=0
(2)

where nt=0 are the moles of benzaldehyde introduced in the reactor, while nt are the
remaining moles after a reaction time t. Product selectivities were also calculated.

The catalyst initial activity was calculated after 15 min of reaction using Equation (3)

Initial acitivity
(

s−1
)
=

nt=0 − nt=15 min
molPd·reaction time (s)

(3)

where molPd are the moles of Pd introduced in the reactor, and the reaction time is 15 min
(900 s).

3.5. Recycling Tests

Recycling tests were performed to study the catalyst stability and its chemical proper-
ties after reusing it 4 times. Each reaction was performed for 15 min followed by catalyst
recovery, washing and drying at room temperature before reuse.

4. Conclusions

Hydrodeoxygenation reactions are vital in the upgrading of biomass-derived com-
pounds to added-value chemicals or bio-fuels. Heterogeneous catalysts are widely em-
ployed for these reactions, and studies on the relation between catalyst performance and
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its properties are fundamental to improve the design of catalysts. In this work, Pd NPs
supported on a highly graphitized support (graphene nanoplates) were prepared by means
of the sol-immobilization technique, with the stabilizer amount, solvent and reducing-agent
addition rate being varied. The variation of the synthesis parameters made it possible
to obtain catalysts with different Pd particle sizes and different surface properties. The
catalytic performance was evaluated using the hydrogenation of benzaldehyde as a model
reaction. All the catalysts showed full conversion to toluene after 2 h of reaction, but
generally exhibited a different initial activity evaluated after 15 min of reaction. While the
activity and Pd particle size seemed uncorrelated, we found a linear correlation between
the initial activity and the amount of exposed Pd(0), calculated as the product of the total
exposed Pd and the Pd(0) fraction. Catalyst recycling tests showed no loss of activity and
selectivity after at least four cycles. Characterization of the used catalyst after the fourth
recycle test indicated a higher relative Pd(0) amount and a lower Pd exposure compared
to the fresh catalyst, leading to a comparable Pd(0) exposure overall. This confirmed the
direct correlation between the initial activity and the Pd(0)exposed fraction (representing
the Pd(0) exposure) in the HDO reaction. This finding could help in the design of HDO
catalysts.
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10.3390/catal12030251/s1, Figure S1: Survey spectra, Figure S2: C1s region, Figure S3: Particle size
distribution obtained from TEM analyses, Figure S4: Reaction profile, Figure S5: Influence of NPs
size on the initial activity of the different catalysts, Figure S6: Influence of the A) Pd exposure and B)
Pd(0) amount on the activity of the different catalysts, Table S1: Results of the XPS analysis.
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