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Abstract: Catalysis has witnessed a dramatic increase on the use of metallic nanoparticles in the
last decade, opening endless opportunities in a wide range of research areas. As one of the most
investigated catalysts in organic synthesis, palladium finds numerous applications being of significant
relevance in industrial hydrogenation reactions. The immobilization of Pd nanoparticles in porous
solid supports offers great advantages in heterogeneous catalysis, allowing control of the major
factors that influence activity and selectivity. The present review deals with recent developments in
the preparation and applications of immobilized Pd nanoparticles on solid supports as catalysts for
hydrogenation reactions, aiming to give an insight on the key factors that contribute to enhanced
activity and selectivity. The application of mesoporous silicas, carbonaceous materials, zeolites,
and metal organic frameworks (MOFs) as supports for palladium nanoparticles is addressed.

Keywords: nanoparticles; palladium; hydrogenation; catalyst; supported; mesoporous silica; carbon
material; zeolite; MOF

1. Introduction

Throughout the last two decades, nanoparticles (NPs) emerged as a new type of important
functional material, playing a major role in several areas, from electronics to the development of
composite materials [1,2]. NPs, or ultrafine particles, are usually defined as particles of matter with
one or more dimensions (length, width, or thickness) that fall within the nanometer size range, that is,
between 1 and 100 nanometers (nm). Among these, metallic NPs (MNPs) have attracted the attention
of the scientific community owing to their high surface-to-volume area, selectivity, easy to tune
morphologies, and significant catalytic activity [3–6].

The last decade has seen a significant boost on the application of MNPs in several fields, with a
significantly high number of contributions (ca. 17,700 contributions in the period 2010–July 2020).
One of the main reasons for the rapidly expanding area of MNPs synthesis is the encouraging results
obtained in catalysis [6,7]. From this universe, 37% of the reported studies correspond to applications
with palladium NPs (Figure 1). Pd exhibits a highly versatile reactivity, finding numerous industrial
applications on fine chemicals production [5]. Palladium nanoparticles (PdNPs) are one of the most
important and fascinating nanomaterials, inducing different types of activation, but playing a key role
in hydrogenation processes.
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Figure 1. Rising interest on the development of supported palladium nanoparticles (PdNPs) and 
metallic NPs (MNPs). Topics: (metal nanoparticles and supported and catalysis. Analysis: publication 
years: (2010 to 2020) and research areas: (chemistry, materials science, science technology other topics, 
engineering, physics, energy fuels, electrochemistry, environmental sciences, ecology, polymer 
science). Source: ISI Web of Knowledge, accessed on 25, July 2020. 

The synthesis of PdNPs has been the subject of intensive investigation over the two past decades, 
with emphasis on the key parameters that directly impact its catalytic activity as size and morphology 
control of the as-prepared particles. The multipurpose reactivity of PdNPs finds its origin in its ability 
for stabilizing different species exhibiting different oxidation states in the reaction medium, and also 
to the distinctive reactivity of the extended metal surface. Due to their high surface energy, PdNPs 
tend to become thermodynamically unstable and susceptible to aggregation during catalysis, leading 
to an activity loss. The synthesis of heterogenized catalysts calls for robust immobilization strategies 
that can effectively control the size, shape, and dispersion of PdNPs; thus, achieving high and stable 
activity. 

This short review covers some of the latest developments for supported PdNPs, highlighting 
some new easy approaches for their preparation, as well as green synthesis approaches. The catalytic 
performance of the supported PdNPs towards hydrogenation reactions is addressed, exploring the 
key factors for catalytic activity and selectivity enhancement. 

2. Hydrogenation and Hydrogen Transfer Processes 

Hydrogenation reactions stand as fundamental transformations for the industrial production of 
fine and bulk hydrogenated compounds [8,9]. Hydrogenation reactions catalyzed by metal species 
have drawn attention of the scientific community for most of the 20th century, given their significance 
in the industrial production of chemicals [10]. Reduction reactions of various functionalities are of 
considerable relevance for the industrial synthesis of intermediates or the transformation of fine 
chemicals. For instance, alcohols are formed upon ketones, aldehydes, and esters hydrogenation, and 
the reduction of alkenes and alkynes, resulting in aliphatic compounds or alkanes. Likewise, nitro 
compounds, as well as nitriles, can be converted into amines. 

Hydrogenation reactions can follow two strategies, either direct hydrogenation with H2 gas or 
transfer hydrogenation, involving the presence of a non-H2 hydrogen species [11,12]. Transfer 
hydrogenation is a suitable and effective method to obtain hydrogenated compounds, and an 
appealing substitute to direct hydrogenation processes, being recently the focus of research in this 
field. Even though various immobilized metals catalyze the several hydrogenation reactions, they are 
not very selective in the presence of more than one reducible group. 

0

500

1000

1500

2000

2500

3000

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

N
um

be
r o

f p
ub

lic
at

io
ns

Year

Supported PdNPs

Supported MNPs

Figure 1. Rising interest on the development of supported palladium nanoparticles (PdNPs) and
metallic NPs (MNPs). Topics: (metal nanoparticles and supported and catalysis. Analysis: publication
years: (2010 to 2020) and research areas: (chemistry, materials science, science technology other topics,
engineering, physics, energy fuels, electrochemistry, environmental sciences, ecology, polymer science).
Source: ISI Web of Knowledge, accessed on 25, July 2020.

The synthesis of PdNPs has been the subject of intensive investigation over the two past decades,
with emphasis on the key parameters that directly impact its catalytic activity as size and morphology
control of the as-prepared particles. The multipurpose reactivity of PdNPs finds its origin in its ability
for stabilizing different species exhibiting different oxidation states in the reaction medium, and also to
the distinctive reactivity of the extended metal surface. Due to their high surface energy, PdNPs tend
to become thermodynamically unstable and susceptible to aggregation during catalysis, leading to an
activity loss. The synthesis of heterogenized catalysts calls for robust immobilization strategies that can
effectively control the size, shape, and dispersion of PdNPs; thus, achieving high and stable activity.

This short review covers some of the latest developments for supported PdNPs, highlighting
some new easy approaches for their preparation, as well as green synthesis approaches. The catalytic
performance of the supported PdNPs towards hydrogenation reactions is addressed, exploring the key
factors for catalytic activity and selectivity enhancement.

2. Hydrogenation and Hydrogen Transfer Processes

Hydrogenation reactions stand as fundamental transformations for the industrial production of
fine and bulk hydrogenated compounds [8,9]. Hydrogenation reactions catalyzed by metal species have
drawn attention of the scientific community for most of the 20th century, given their significance in the
industrial production of chemicals [10]. Reduction reactions of various functionalities are of considerable
relevance for the industrial synthesis of intermediates or the transformation of fine chemicals.
For instance, alcohols are formed upon ketones, aldehydes, and esters hydrogenation, and the reduction
of alkenes and alkynes, resulting in aliphatic compounds or alkanes. Likewise, nitro compounds,
as well as nitriles, can be converted into amines.

Hydrogenation reactions can follow two strategies, either direct hydrogenation with H2

gas or transfer hydrogenation, involving the presence of a non-H2 hydrogen species [11,12].
Transfer hydrogenation is a suitable and effective method to obtain hydrogenated compounds,
and an appealing substitute to direct hydrogenation processes, being recently the focus of research
in this field. Even though various immobilized metals catalyze the several hydrogenation reactions,
they are not very selective in the presence of more than one reducible group.
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Well-defined PdNPs have proved their selectivity and efficiency towards the hydrogenation
of olefins, even for reactions such as the hydrogenation of arenes, weakly catalyzed by metallic
species [13,14]. Pd-based nanocatalysts are therefore effective for several hydrogenation reactions due
to its ability to combine with a wide array of ligands, showing high selectivity. Investigation on this
topic is more directed towards immobilized PdNPs due to faster reaction rates and excellent efficiencies.

3. PdNPs@supports

The reuse of costly metal particles is of foremost interest from both economic and environmental
perspectives. The need for more eco-friendly and cost-effective technology has combined efforts to the
development of more efficient, selective and recyclable catalytic systems.

An enhancement of the catalytic efficiency requires improvement in the activity and selectivity.
Immobilized catalysts benefit from an increase of the surface and porous volume of the composite that
effectively can enhance both activity and selectivity in heterogeneous systems [15–17]. The selection
of a suitable stable solid support is the most important step for MNPs immobilization (Figure 2).
Distinct approaches for the preparation of effective and recyclable PdNPs catalysts have been reported
in the literature, involving a large variety of solid supports, as carbon-based materials [7,18,19],
silicas [20–22], metal organic frameworks (MOFs) [23–25], zeolites [26–28], and also metal oxides,
polymers, or magnetic composites [1,29], among the most used.
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Figure 2. Immobilization of MNPs to various high surface area materials. Adapted with permission
from Zhu et al. [30], Chem; published by Elsevier Inc., 2016.

These above-mentioned materials usually display high surface areas, which combined with their
distinctive surface chemistry, can deliver exceptional selectivity, through the customized design of the
catalysts. In addition, aggregation or precipitation phenomena that can lead to a loss of catalytic activity
of the PdNPs can be reduced and controlled using stabilizers as ligands, surfactants, or polymers.
Typical procedures for the preparation of PdNPs immobilized in high porous materials include more
conventional methods that generally include precipitation and infiltration approaches, and subsequent
reduction of the Pd precursor [7]. Recent advances are mainly based on the use of superior techniques
for the incorporation of Pd precursors into the porosity of the supports and on modification of the
surface of support material for enhanced support-metal interactions. These strategies include incipient
wetness impregnation, double-solvent use, chemical vapor deposition, solvent-free solid grinding,
among others.

Biomass-derived supported PdNPs have captured the interest of researchers given their
eco-friendly, sustainable, and economical nature. These biomass-derived supports are acknowledged
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as valuable nanocatalysts in several catalytic reactions because of the high activity and selectivity
displayed, minimizing toxic substances [31,32].

Supported PdNPs are one of the most used and efficient catalysts in hydrogenation reactions [33].
Nanoparticles are bound either mechanically or chemically to the support surface, while catalysis is
carried out in a heterogeneous system. The advantages of both heterogeneous and homogeneous
catalysis [22,34], allow a facile separation of the catalyst, an ease of the recyclability in the system,
and a protection from catalyst deactivation and degradation [7]. However, activity and selectivity can
be affected negatively due to the principles of diffusion and the engagement of two different phases in
the reaction [35].

From the above-mentioned materials, the use of zeolites, carbon materials, MOFs and mesoporous
silicas for PdNPs immobilization, will be discussed in more detail in the next sections covering some
recent examples in the literature.

4. PdNPs@silicas

Owing to its excellent thermal stability, silica NPs are promising supports for MNPs immobilization.
The use of these materials as catalyst supports, presents major advantages given its features as high
surface areas and widely accessible porous network [20,36,37]. Their well-ordered channel structures
presenting tunable porosity over a wide range and the abundancy of surface silanol groups facilitates
its covalently mediated functionalization, thus, stabilizing the resulting MNPs. The potentialities of
mesoporous silicas (MS) as supports in numerous reactions, as hydrogenation, alkylation, and oxidation
of several substrates have been widely acknowledged [7,30,38]. Common approaches for the
immobilization of MNPs into MS include methods as solution infiltration and incipient wetness
impregnation lack, however, control growth of MNPs. The incorporation of PdNPs within MS supports
by a post-synthetic deposition method makes the control of the particle size and dispersion of PdNPs
more difficult. Conversely, the use of a direct synthesis method, through the in-situ incorporation of
the metal precursors can yield uniformly distributed confined PdNPs, the reason for the more recent
research. Other topics of research are focused on mesopore size enlargement, and on the role of the
silica structure as support, as pore size and morphology that can optimize the catalytic performance.
Importantly, the introduction of stabilizing and structure-directing agents in the direct synthesis
approach has also been investigated. The following examples are recent contributions on this field,
covering some of the above-mentioned topics.

The influence of a structure-directing agent, 1,3,5-trimethylbenzene (TMB) on the in-situ
incorporation of PdNPs within MS was explored by Yu and colleagues [38]. Pd-MS catalysts
were synthesized, with and without the addition of TMB, by the direct synthesis method with Pd
incorporated in MS, under basic conditions (Figure 3). The average sizes for PdNPs obtained by the
direct synthesis method were much smaller (2.4–4.3 nm) than those synthesized by a post-synthetic
deposition method (17.7 nm for Pd/(MS-50)), as confirmed by Transmission Electron Microscopy (TEM).

An increase in the Pd loading of the catalysts was observed for increasing pH, being attributed to
the charge density increase of silicates, which results in a higher Pd2+ ions adsorption and uniform
dispersion within the silica species. All the Pd-MS-x-TMB catalysts (x: amount of added NH3),
exhibited disorderly worm-like porous structures, unlike Pd-MS-50 that displayed ordered linear
channels. The N2 adsorption data confirmed the existence of mesoporous structure. The influence of
TMB as an expanding agent, and also as a structure-directing agent, resulted in the formation of MS
with larger pore diameter and pore volume, as well in a worm-like morphology. Pd introduction into a
pre-synthesized MS resulted in a somewhat larger pore size. X-ray Photoelectron Spectroscopy (XPS)
studies confirmed the presence of metallic Pd in Pd/(MS-50).
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The hydrogenation of p-chloronitrobenzene (CNB) over Pd-MS catalysts was studied (Table 1),
in terms of p-CNB conversion, and selectivity to p-chloroaniline (p-CAN), and aniline (AN).
The conversion obtained for Pd-MS-50-TMB was much higher than that observed for Pd/(MS-50) due
to a higher dispersion of PdNPs. Furthermore, catalyst Pd-MS-50-TMB showed a better catalytic
performance than Pd-MS-50, most likely related to the particle size, larger porosity and also to the
worm-like morphology of MS, which allows an easier accessibility of reactants to the active incorporated
Pd in the catalytic sites, enhancing mass transfer process [39]. The catalytic activity for Pd-MS-xx-TMB
catalysts for p-CNB hydrogenation highlighted the importance of increasing pH.

Table 1. Textural properties of the Pd-MS catalysts and catalytic data for the solvent-free hydrogenation
of p-chloronitrobenzene (p-CNB) [38].

Catalyst ABET
(m2g−1)

Vp
(cm3g−1)

Dp
(nm)

Pd Loading
(%)

p-CNB Conversion
(%)

Selectivity
(%)

p-CAN AN

Pd-MS-05-TMB 873 1.29 3.7 0.16 28.2 71.6 28.4
Pd-MS-10-TMB 912 1.33 3.5 0.45 41.9 94.1 5.9
Pd-MS-30-TMB 980 1.43 3.3 0.54 59.7 95.3 4.7
Pd-MS-50-TMB 854 1.06 3.8 0.67 100 99.9 0.1

Pd-MS-50 919 0.0.7 2.6 0.73 48.4 82.8 17.2
Pd/(MS-50) 687 0.43 2.5 0.68 29.5 97.6 2.4

The conversion of p-CNB using the Pd/SiO2 catalyst was much lower (6.1%) than that obtained
for Pd/(MS-50) catalyst, also indicating that a larger porosity and pore volume was more beneficial for
the reaction. Complete conversion of p-CNB with selectivity over 99.5% was accomplished in the first
three cycles in recycling studies for Pd-MS-50-TMB. In the fifth cycle, a conversion and selectivity to
p-CAN drop was observed due to coke deposition. The Pd-MS-50-TMB catalyst was regenerated [40],
leading to its complete restoration.

In 2017, Sun and colleagues reported the preparation of MS-based nanotubes supported
PdNPs [41], using different framework structures, as organic groups and carbon/silica hybrids.
The synthesis of silica nanotubes (SNT) containing ethylene or phenylene groups, E-SNT and B-SNT,
respectively, was performed in accordance with a previously method reported by the authors with
minor modifications (Figure 4, top) [42]. The authors used a much lower surfactant concentration than
that used for the synthesis of SBA-15, which was advantageous to obtain a rod-like micelle formation.
The carbon-doped silica nanotubes E-CS-NT and B-CS-NT were carbonized at 800 ◦C in N2 atmosphere
for 2 h (CS: carbon/silica hybrid). In addition, the pristine (SNT) and SBA-15 were also synthesized.
The nanotube morphology of E-SNT and B-SNT, was maintained after calcination although narrower
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diameters were observed. PdNPs were uniformly dispersed in the distinct nanotubes by means of an
impregnation-reduction process.
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Figure 4. Top: Illustrated scheme of Pd supported ethylene, phenylene bridged or carbon doped
organosilica nanotubes and reaction process. Bottom: TEM images of (a) E-silica nanotubes (SNT),
(b) B-SNT, (c) E-CS-NT, (d) B-CS-NT, (e) SNT, and (f) SBA-15. Reproduced with permission
from Sun et al., Microporous and Mesoporous Materials; published by Elsevier B.V., 2017.

The nanotube structure is clearly observed in the TEM images (Figure 4, bottom), displaying
internal diameters with less than 10 nm for E-SNT and B-SNT. The textural analysis indicates
the formation of a mesoporous structure and assembling pores by nanotubes. Apparent surface
areas were lower upon calcination, with a noteworthy pore size decrease from E-SNT and B-SNT
to the corresponding E-CS-NT and B-CSNT (from 7.3 and 6.0 nm to 4.5 and 4.0 nm), ascribed to
nanotubes shrinkage. The carbon content in E-CS-NT and B-CS-NT was of 10% and 20%, respectively.
The silica-based materials loaded PdNPs also showed a spherical morphology with 2–4 nm particles,
dispersed uniformly in the inner porosity of the catalysts. Relatively larger PdNPs (5 nm) were
observed for SNT and SBA-15. Additionally, deposition of PdNPs on amorphous silica resulted in
10 nm mean size NPs, demonstrating the confinement effect of the nanotube structure on the Pd
agglomeration. Similar type IV isotherms were obtained after the nanotube encapsulation of PdNPs,
pointing out the integrity of the nanotube structure. The presence of both metallic and oxidized states
of Pd, with Pd(0) contents of 50–62% was confirmed by XPS.

The catalytic performance of the silica-based nanotubes loaded PdNPs towards the hydrogenation
of α,β-unsaturated carboxylic acids was investigated in the presence of the chiral modifier cinchonidine
(Figure 5), achieving a conversion of 99% of α-phenyl cinnamic acid within 10 h at room
temperature, and H2 pressure of 0.1 MPa for encapsulated PdNPs in the B-SNT, E-SNT, and E-CS-NT,
respectively (Table 2).
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Table 2. Catalytic performance of the Pd supported catalysts for the enantioselective hydrogenation of
α,β-unsaturated carboxylic acid [41].

Catalyst Conversion (%) ee * (%)

Pd/E-SNT >99 40
Pd/B-SNT >99 48

Pd/E-CS-NT >99 30
Pd/SNT 46 33
Pd/CNT - 51

*- enantiomeric excess.

The hydrophobicity of SNT with organic groups may enhance the preferential adsorption of
α-phenyl cinnamic acid and cinchonidine, to the Pd active center, increasing the activity. In fact,
the high activity and enantioselectivity can be explained by the fast adsorption of chiral modifiers and
reactants [43]. Conversely, the hydrophilic properties of SNT resulted in the lowest activity. The excellent
catalytic activity towards the enantioselective hydrogenation of α,β-unsaturated carboxylic acids clearly
benefits from the particular morphology of the catalysts and also from the hydrophobic/hydrophilic
properties of the surface.

Shabbir and Lee applied two catalytic systems of reverse phase amino functionalized silica
supported PdNPs to the hydrogenation reaction of trans-cinnamic acid and similar compounds in
water [44]. Two types of silica-supported Pd(0) catalysts were synthesized by the modification of
the commercial 3-aminopropyl-functionalized silica gel using 2-pyridinecarboxaldehyde ligand and
bipyridyl ligand (Figure 6). The amino-functionalized reverse phase silica induced hydrophobicity in
the polar silica support. After silica modification, coordination of Pd(II) was performed, with reduction
to PdNPs, yielding APPd(0)@Si and BPPd(0)@Si catalysts (Figure 6), with average PdNPs size of around
3 and 4 nm and Pd(0) loadings of 0.540 mmolg−1 and 0.598 mmolg−1 for APPd(0)@Si and BPPd(0)@Si,
respectively. The pore size of 6–8 nm of the catalysts is quite similar to that of the commercial silica gel.
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The synthesized catalysts were tested in the hydrogenation reaction of trans-cinnamic acid and
related compounds. A selection of available bases at different temperatures was tested to optimize the
reaction conditions (Table 3). KOH proved to be a good choice as opposed to potassium carbonate.
The newly synthesized catalysts outperformed the commercial catalyst Pd/C at a 5.0% molar ratio,
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45% of product yields. The hydrogenation of several α,β-unsaturated carbonyl compounds was also
investigated for by BPPd(0)@Si and APPd(0)@Si, achieving efficient completion. Yields >95% were
observed for the hydrogenation of all the unsaturated esters, ketones and alcohols. After the reaction,
both APPd(0)@Si and BPPd(0)@Si were also recycled, showing good stability with negligible leaching
of PdNPs.

Table 3. Hydrogenation catalyzed by APPd(0)@Si and BPPd(0)@Si catalysts [44].
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Rungsi and colleagues explored the influence of the silica source used on the hydrothermal
preparation of MCM-41, followed by PdNPs impregnation on the mesoporous MCM-41 supports [45]
and application in the catalytic partial hydrogenation of soybean-derived polyunsaturated fatty acid
methyl esters (FAMEs), as displayed in Figure 7. The microwave-assisted synthesis of mesoporous
MCM-41 silica, using fumed silica (SiO2) and silatrane (Si(TEA)2) as silica sources, significantly
shortened the hydrotreatment time. MCM-41 product has shown much higher values regarding its
textural parameters, as MCM-41-SiO2 support and MCM-41-silatrane, than reported elsewhere [46].
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The small-angle X-ray diffraction (XRD) patterns disclosed well-ordered mesostructures for
MCM-41-SiO2, unlike MCM-41-silatrane. After Pd impregnation, a less ordered structure was
observed. For the same weight content, a good Pd dispersion was obtained for the MCM-41-SiO2

support. The values obtained for the textural parameters have shown a slight decrease, suggesting the
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location of PdNPs on the external surface and in some pores due to the migration of some species in the
framework. MCM-41-silatrane presented a narrower pore size distribution compared to MCM-41-SiO2.
Supported palladium was Pd(0), as revealed by X-ray Photoelectron Spectroscopy (XPS).

The catalytic properties of PdNPs supported on MCM-41 for the partial hydrogenation of soybean
oil-based FAMEs were investigated. Both catalysts presented fast and selective conversions to
monounsaturated fatty acid methyl esters, although Pd/MCM-41-silatrane has shown a higher catalytic
performance due to its greater stability and higher surface of Pd active sites. Overall, the catalytic activity
of Pd/MCM-41 is attributed to its suitable size and density of metallic active sites, which subsequently
determine the catalytic reactivity and selectivity.

Ganji and colleagues investigated for the first time a carboxylic acid functionalized SBA-15 derived
Pd nanocatalyst towards the selective catalytic hydrogenation of nitrobenzene in water medium [47].
The synthesis of SBA-15 and SBA-COOH followed reported procedures [48,49] and the preparation
of Pd/SBA-COOH catalyst was achieved through dispersion of SBA-COOH in a palladium acetate
solution followed by reduction with NaBH4. XRD of Pd/SBA-COOH catalyst revealed characteristic
peaks of very small Pd particles. All the Pd species present in the Pd/SBA-COOH catalyst were Pd(0),
as confirmed by XPS. SBA-15, SBA-COOH, and Pd/SBA-COOH exhibited type IV N2 adsorption
isotherms with an H1 hysteresis loop [50]. After modification with the -COOH group and PdNPs,
a decrease of textural parameters was observed when compared to pristine SBA-15. The TEM images
of the Pd/SBA-COOH nanocomposites revealed the well-ordered mesoporous channel structure of the
SBA-15 silica materials, as well as the spherical morphology of the 3.5 nm-sized and highly dispersed
(32%) PdNPs in the SBA-15 channels. The catalytic activity of Pd/SBA-COOH was studied towards
nitrobenzene hydrogenation using hydrazine hydrate, N2H4 (Table 4).

Table 4. Hydrogenation of nitrobenzene with the different catalysts [47].

Catalyst N2H4·H2O (equiv.) Conversion (%) Selectivity (%)

SBA-15 2 - -
SBA-COOH 2 - -
Pd/SBA-15 2 68 100

Pd/SBA-COOH 0.5 5 100
Pd/SBA-COOH 1 44 100
Pd/SBA-COOH 1.5 76 100
Pd/SBA-COOH 2 100 100

The enhanced catalytic activity observed for Pd/SBA-COOH is most likely due to the highly
dispersed smaller-sized PdNPs. A synergistic effect is observed between the SBA-COOH support and
its textural parameters, as previously reported in the literature [51]. The hydrogenation reaction of
nitrobenzene showed much lower efficiencies in various organic solvents than that obtained under
solvent-free conditions (Figure 8).

A remarkable rate acceleration was found when using water as solvent, most probably related to
the presence of interface hydrogen bonding. The enhanced rate increase may be ascribed to the high
PdNPs dispersion on functionalized SBA-15 and imposed hydrophobic interactions in the transition
state. No considerable loss of activity was observed during the performance of four reuse cycles
indicating the stability of the Pd/SBA-COOH catalyst for the hydrogenation of nitrobenzene.
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5. PdNPs@carbon Materials

Carbon materials encompass a myriad of nanomaterials, from activated carbon (AC), to graphite,
fullerenes, carbon nanotubes (CNTs), diamond and graphene, etc., each of them presenting distinctive
features [52–55], such as high surface area and porosity, tunable surface chemistry, and chemical
stability. For all of this, carbon materials constitute remarkably flexible and suitable materials for
numerous applications [24–28]. A large variety of carbon nanomaterials are interesting and cheaper
alternatives to be used as catalysts or catalyst supports [56] in diverse reactions, improving the stability
and dispersion of MNPs and, thus, enhancing their catalytic performance. As mesoporosity of the
support is desirable, enabling mass transfer processes and convenient anchoring the MNPs, research has
been directed at the synthesis of carbon materials with well-controlled mesoporosity. The relevance
of oxygenated groups on the carbon material surface, for catalytic applications, has also led to a
discerning selection of secondary treatments, such as impregnation, oxidation, and thermal treatments,
for the easy tuning of the type and amount of these groups on the surface [57]. Other strategies
towards catalytic performance enhancement include the incorporation of heteroatoms (N, S, B, etc.)
into the carbons, which can accomplish a fine-tuning of the electronic properties of immobilized MNPs.
The case of N-doped carbons has been extensively investigated, offering a very good MNPs dispersion,
enhanced hydrophilicity, and additional active sites. The significantly different electronic properties of
materials as CNTs and graphene, representing also very attractive catalyst supports, with numerous
examples in the literature. The following examples illustrate recent advances in this field, in terms
of catalytic application of carbon-derived supports for PdNPs for hydrogenation reactions. The use
of graphene, CNTs, as well as biomass-derived supports for PdNPs immobilization, and the more
significant factors that influence the catalytic performance is discussed.

In 2015, a new one-pot synthesis approach for the synthesis of PdNPs/reduced graphene oxide
(RGO) nanocomposite materials was reported by El-Hout and co-workers [58]. Well-dispersed PdNPs
on the graphene sheets were prepared through an in-situ green chemical reduction methodology.
The preparation of Pd/RGO implied the sonication of GO in water, followed by addition of Pd(II)
acetate to the GO suspension, and subsequent addition of a reducing agent, including oxalic acid,
salicylic acid, ascorbic acid, NaOH and hydrazine hydrate, N2H4 (H.H) (Figure 9). The reduction of
the oxygenated functional groups and the Pd/RGO structure was corroborated by several techniques.
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The Pd content of the catalysts was assessed by Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES) and increases according to a reducing environment. TEM images revealed a
crinkled morphology of a few ultrathin and packed graphene sheets. Well-dispersed PdNPs could be
seen on the graphene sheets for Pd/RGO-salicylic acid, while other samples show less dispersed Pd
particles and agglomeration. The activity of the supported PdNPs was studied for the reduction of
nitrobenzene using NaBH4 under mild conditions (Table 5), assessing the influence of the reduction
agents used on the preparation of Pd/RGO catalysts.

Table 5. Catalytic results of the reduction of nitrobenzene using Pd/RGO catalyst [58].
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RGO-H.H 0 0 0
Pd/C-H.H 11 30 0.64

Pd/RGO-H.H 100 100 0.49
Pd/RGO-salicylic acid 100 100 0.75
Pd/RGO-oxalic acid 100 75 0.45

Pd/RGO-NaOH 15 44 0.55
Pd/RGO-ascorbic acid 8 67 0.63

PdNPs/RGO-H.H, PdNPs/RGO-salicylic acid and PdNPs/RGO-oxalic acid catalysts showed a
comparable catalytic performance, achieving complete conversion for nitrobenzene, found to be
dependent on the nature of dispersed PdNPs on the graphene surface. The better results obtained for
PdNPs/RGO-salicylic acid can be related to the high purity of the pristine GO support, as confirmed by TEM
images, that exhibit well-dispersed PdNPs. Temperature Programmed Desorption (TPD) measurements
determined the amount of active sites of PdNPs, in that PdNPs/RGO-H.H, PdNPs/RGO-salicylic acid
and PdNPs/RGO-oxalic acid catalysts showed a higher number of active sites of around 9 mmol g−1,
compared with ca. 6 mmolg−1 for PdNPs/RGO-ascorbic acid and PdNPs/RGO-NaOH catalysts.
The commercially available Pd/C-H.H compared unfavorably to the prepared PdNPs/RGO, justified by
an irregular size distribution of PdNPs with agglomeration on the surface of carbon supports.
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The recyclability of Pd/RGO-H.H and Pd/RGO-salicylic was investigated by the authors and is depicted
in Figure 10. Both catalysts were reused for two cycles, without loss of activity.
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The deactivation of the Pd/RGO catalyst after the second cycle is attributed to the leaching of
PdNPs, along with Pd aggregation and accumulation on the graphene surface.

In 2016, the use of reduced GO as support for PdNPs was also investigated by Nasrollahzadeh
et al. The authors reported the green synthesis of PdNPs@RGO through the reduction of GO and
Pd2+ ions using as reducing agent, barberry fruit extract [59]. The green one-step synthesis of the
PdNPs/RGO consisted on the addition of the aqueous extract of Berberis vulgaris fruits extract [60] into
prepared GO from natural graphite powder [61] followed by addition of PdCl2 under vigorous stirring,
resulting in Pd(0), as monitored by Ultra Violet-Visible (UV/Vis) Spectrophotometry and Fourier
Transformed Infrared (FTIR) Spectroscopy. The authors proposed a mechanism for the synthesis of the
PdNPs involving the conversion of the OH functional group into the carbonyl group during a redox
reaction, whit reduction of Pd. The morphology of the PdNPs/RGO, as observed by Scanning Electron
Microscopy (SEM), reveals that large quantities of the spherical PdNPs with an average size of about
18 nm are dispersed on the RGO surfaces (Figure 11).
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The prepared PdNPs/RGO was tested as heterogeneous catalysts for the reduction of nitroaromatic
compounds by NaBH4 in an environmentally friendly medium (Figure 12). Firstly, the reduction of
nitrobenzene to aniline was used to evaluate the activity of the PdNPs/RGO. High aniline yields, up to
98%, were obtained at 50 ◦C, with significant conversions. The authors also studied the influence of
the nature of the substituents, through the reaction of different nitroarenes, reporting remarkable and
robust activity, with good to excellent yields for a wide range of substrates. The gathered data showed
that halogen-substituted nitroarenes were selectively reduced to their corresponding halo anilines
products in high yields. Nitroarenes containing carbonyl groups also afforded very good yields of the
respective products.
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In comparison with catalysts reported in the literature, PdNPs/RGO was more efficient considering
the reaction time or product yields, probably due to the unique 2D structure of the RGO and the
existence of the small-sized PdNPs.

The authors highlighted the importance of the RGO support towards the enhancement of the
catalytic performance. Overall, the proposed method presented several advantages as high product
yields, simple preparation of catalyst, simple methodology, and easy work up. The catalyst can be
considered environmental-friendly, being recovered, and reused in five catalytic cycles without losing
its activity [59].

Zhang and colleagues addressed the issue of stability and selectivity of Pd catalysts, reporting
the design of a core-shell structure PdNPs@C supported on CNT for hydrogenation of acetylene [10].
A N-doped carbon shell was distributed on the surface of the Pd/CNT through a deposition-precipitation
method. The uniformly dispersed PdNPs on the surface of the N-doped carbon shell presented an
average size of ca. 1.8 nm. The ionic liquid-derived carbon covering on PdNPs was further confirmed,
with a 1.5 nm carbon shell thickness on the surface of PdNPs. This microporous amorphous carbon
layer could enhance mass transfer processes. The enhanced thermal stability of PdNPs was ascribed to
a strong interaction among the carbon shell and PdNPs. The Pd content of Pd/CNT and Pd@C/CNT
was 2.0% and 1.5%, respectively.

The selective hydrogenation of acetylene was performed to assess the catalytic performance of
Pd/CNTs and Pd@C/CNTs. Pd/CNTs showed very good activity, but poor selectivity to ethylene.
Although a lower catalytic activity was reported for Pd@C/CNTs, the acetylene conversion reached
100% at 150 ◦C (Figure 13). At lower temperatures, the low activity may be due to the carbon layer
covering, while at higher temperatures the activity decrease is related to high desorption of the
reactants. Nevertheless, a considerable increase in the selectivity to ethylene was observed, reaching
75% for 60% acetylene conversion, being still maintained at ca. 70%, when the acetylene conversion
increased to ca. 90%.

The long-term stability of Pd@C/CNTs catalyst was examined at 140 ◦C, over 100 h, showing
excellent stability against deactivation. The average size and pore size distribution of PdNPs of the
used catalyst were similar to those of the fresh Pd@C/CNTs.

Aiming for enhanced chemical selectivity in the hydrogenation of nitro compounds, Bilgicli et al.
recently described the easy synthesis of a new monodisperse composite of PdNPs and GO, denoted as
CPG [62]. The synthesis of CPG consisted of a mixture of PdCl2 and GO in ethanol, and further
addition of a NaBH4 solution. The PdNPs were found to be homogeneously distributed over GO,
presenting a mean particle size of 3.86 nm (Figure 14). XPS studies revealed the presence of metallic Pd
and a small amount of Pd(II) species, the latter probably related to the oxidized species of Pd.
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Figure 13. (a) Acetylene conversion and ethylene selectivity as a function of reaction temperature for
Pd@C/carbon nanotubes (CNTs) and Pd/CNTs (the inset in (a)), (b) ethylene selectivity (red circles) and
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The Royal Society of Chemistry, 2017.Processes 2020, 8, x FOR PEER REVIEW 14 of 42 

 

 
Figure 14. TEM, High Resolution Transmission Electron Microscopy (HRTEM) image, and particle 
size histogram of CPG. Reproduced with permission from Bilgicli et al., Microporous and Mesoporous 
Materials; published by Elsevier Inc., 2020. 

The catalytic hydrogenation of the nitroarenes was performed in the presence of NaBH4 and 
N2H4.H2O, revealing an outstanding catalytic activity of the prepared CPG (Table 6). The catalytic 
performance was related to the synergistic interaction among PdNPs and the GO support material, 
and its ultrafine structure. 

Table 6. Evaluation of the catalytic activity of CPG in the hydrogenation of nitrobenzene in the 
presence of NaBH4 [62]. 

N2H4.H2O (mmol) Solvent Time (h) Conversion (%) 
1.0 EtOH 8 47 
2.0 EtOH 7 99 
4.0 EtOH 4 >99 
5.0 EtOH 4 >99 
4.0 EtOH/H2O 4 >99 
4.0 THF 8 >99 
4.0 EtO2 8 88 

The catalyst was reused in several cycles, reducing selectively the nitro groups with elevated 
yields. The outstanding performance of the composite showed potential for further application in the 
reduction of nitroarenes. 

In 2019, a novel halloysite-hydrochar (Hal-Char) nanocomposite was prepared by Sadjadi et al. 
and used as a support for PdNPs, delivering efficient catalysts for the hydrogenation reaction of 
nitroarenes [63]. A domestic biomass, the green head of eggplant, was chosen as the source of the 
hydrochar, being deposited as a layer on a halloysite via hydrothermal treatment, obtaining thus a 
nanocomposite, which was then employed for the immobilization of PdNPs and development of 
Pd@Hal-Char. The schematic procedure for the preparation of the catalysts is presented in Figure 15.  

Figure 14. TEM, High Resolution Transmission Electron Microscopy (HRTEM) image, and particle
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The catalytic hydrogenation of the nitroarenes was performed in the presence of NaBH4 and
N2H4·H2O, revealing an outstanding catalytic activity of the prepared CPG (Table 6). The catalytic
performance was related to the synergistic interaction among PdNPs and the GO support material,
and its ultrafine structure.

Table 6. Evaluation of the catalytic activity of CPG in the hydrogenation of nitrobenzene in the presence
of NaBH4 [62].
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The catalyst was reused in several cycles, reducing selectively the nitro groups with elevated
yields. The outstanding performance of the composite showed potential for further application in the
reduction of nitroarenes.

In 2019, a novel halloysite-hydrochar (Hal-Char) nanocomposite was prepared by Sadjadi et
al. and used as a support for PdNPs, delivering efficient catalysts for the hydrogenation reaction
of nitroarenes [63]. A domestic biomass, the green head of eggplant, was chosen as the source of
the hydrochar, being deposited as a layer on a halloysite via hydrothermal treatment, obtaining thus
a nanocomposite, which was then employed for the immobilization of PdNPs and development of
Pd@Hal-Char. The schematic procedure for the preparation of the catalysts is presented in Figure 15.
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Figure 15. Followed approach for the synthesis of the catalysts Pd@Hal-Char. Reproduced with
permission from Sadjadi et al., ACS Sustainable Chemistry & Engineering; published by American
Chemical Society, 2019.

The textural properties of the synthesized supports were obtained from N2 adsorption isotherms
data, allowing to confirm the Char coverage of the Hal surface and also that the surface was covered
with ionic liquid (IL) and β-cyclodextrin (β-CD). Upon Pd immobilization, a small decrease of the
surface area was reported. The study of the morphology, dispersion, and average size of the PdNPs,
disclosed the presence of well-dispersed PdNPs on the surface of Hal-Char without signs of aggregation,
suggesting the efficiency of this material as a support. A change from the rod like structure of Hal to
porous nanorods was observable.

The catalyst Pd@Hal-Char was tested towards the hydrogenation reaction of nitrobenzene
and 1-nitronaphthalene, in the presence of H2, and β-CD, as a co-catalyst. Several control
catalysts including Pd@Hal, Pd@Char, Pd@Hal-Char-CD, Pd-CD@Hal-Char, Pd@CD, Pd@Hal-Char-IL,
and Pd@Hal-Char-SO3H were also prepared and tested for comparison (Table 7).

Under mild and environmentally benign conditions, moderate yields of aniline and naphthylamine
were obtained after 1 h. The hydrogenation reaction at lower temperatures, with comparable yields
(75% and 65% for aniline and naphthylamine) was observed with low catalyst amount and using water
as solvent. The effect of Char surface modification and the role of β-CD on the catalytic activity were
studied to clarify the role of Hal and Char. The use of β-CD considerably improved the yield of the
reaction, acting as a phase transfer agent, being more efficient in its free form than incorporated into the
framework. The authors confirmed the influence of PdNPs size and dispersion on the catalytic activity.
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Table 7. Catalytic Activity towards aniline and naphthylamine yields and average Pd particle size of
the catalysts [63].
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Pd@Hal 30 10 4.8
Pd@Hal+β-CD 65 60 4.8

Pd@Char 40 30 3.6
Pd@Char+β-CD 75 50 3.6

Pd@Hal-Char 75 65 3.7
Pd@Hal-Char+β-CD 100 95 3.7

Pd@Hal-Char-IL 60 30 4.5
Pd@Hal-Char-IL+β-CD 90 45 4.5

Pd@Hal-Char-SO3H 45 50 3.9
Pd@Hal-Char-SO3H+β-CD 55 55 3.9

Pd@Hal-Char-CD 60 50 4.9
Pd@Hal-Char-CD 50 40 3.8

Furthermore, the inferior catalytic activities of Pd@Hal and Pd@Char pointed out the synergy
between Hal and Char. It was also found that upon IL incorporation, larger particle size and thus
lower catalytic activity was obtained. The stability of Pd@Hal-Char was investigated, revealed high
recyclability for this system, with the catalyst being reused in 7 runs without significantly losing its
activity (Figure 16). FTIR analysis of the spent catalyst displayed the characteristic bands of the fresh
Pd@Hal-Char, indicating the structural stability of the catalyst. Furthermore, no additional bands were
observed for the recycled catalyst, testifying the robustness of Pd@Hal-Char catalyst.

Processes 2020, 8, x FOR PEER REVIEW 16 of 42 

 

Under mild and environmentally benign conditions, moderate yields of aniline and 
naphthylamine were obtained after 1 h. The hydrogenation reaction at lower temperatures, with 
comparable yields (75% and 65% for aniline and naphthylamine) was observed with low catalyst 
amount and using water as solvent. The effect of Char surface modification and the role of β-CD on 
the catalytic activity were studied to clarify the role of Hal and Char. The use of β-CD considerably 
improved the yield of the reaction, acting as a phase transfer agent, being more efficient in its free 
form than incorporated into the framework. The authors confirmed the influence of PdNPs size and 
dispersion on the catalytic activity.  

Furthermore, the inferior catalytic activities of Pd@Hal and Pd@Char pointed out the synergy 
between Hal and Char. It was also found that upon IL incorporation, larger particle size and thus 
lower catalytic activity was obtained. The stability of Pd@Hal-Char was investigated, revealed high 
recyclability for this system, with the catalyst being reused in 7 runs without significantly losing its 
activity (Figure 16). FTIR analysis of the spent catalyst displayed the characteristic bands of the fresh 
Pd@Hal-Char, indicating the structural stability of the catalyst. Furthermore, no additional bands 
were observed for the recycled catalyst, testifying the robustness of Pd@Hal-Char catalyst. 

 
Figure 16. Recyclability of Pd@Hal-Char for the hydrogenation reaction of nitrobenzene. Reproduced 
with permission from Sadjadi et al., ACS Sustainable Chemistry & Engineering; published by American 
Chemical Society, 2019. 

Recently, Duarte et al. reported the synthesis of bio-sourced supports with enhanced catalytic 
properties, through an original strategy for PdNPs immobilization [64]. Size-controlled hydrochars, 
prepared via hydrothermal treatment, with a high degree of hydroxyl groups, from sucrose and 
acrylic acid sucrose-modified (10 wt.%) [65], were derivatized with ether linkers, including 
ammonium groups. These non-porous materials were applied as convenient supports for PdNPs 
through reduction of Pd(OAc)2 under H2 in the presence of the hydrochar (Figure 17). 

 
Figure 17. Scheme for the synthesis of functionalized hydrochars and PdNPs@hydrochars. 
Reproduced with permission from Duarte et al., ChemCatChem; published by Wiley-VCH Verlag 
GmbH & Co. KGaA, Weinheim, Germany, 2020. 

The N2 adsorption data revealed the non-porous nature of the prepared materials. SEM images 
obtained before and after functionalization demonstrated the effect of the basic treatments on the 

Figure 16. Recyclability of Pd@Hal-Char for the hydrogenation reaction of nitrobenzene. Reproduced
with permission from Sadjadi et al., ACS Sustainable Chemistry & Engineering; published by American
Chemical Society, 2019.

Recently, Duarte et al. reported the synthesis of bio-sourced supports with enhanced catalytic
properties, through an original strategy for PdNPs immobilization [64]. Size-controlled hydrochars,
prepared via hydrothermal treatment, with a high degree of hydroxyl groups, from sucrose and acrylic
acid sucrose-modified (10 wt.%) [65], were derivatized with ether linkers, including ammonium groups.
These non-porous materials were applied as convenient supports for PdNPs through reduction of
Pd(OAc)2 under H2 in the presence of the hydrochar (Figure 17).
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Figure 17. Scheme for the synthesis of functionalized hydrochars and PdNPs@hydrochars. Reproduced
with permission from Duarte et al., ChemCatChem; published by Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, Germany, 2020.

The N2 adsorption data revealed the non-porous nature of the prepared materials. SEM images
obtained before and after functionalization demonstrated the effect of the basic treatments on
the morphology of the materials (Figure 18). TEM images confirmed the influence of type of
support in the dispersion of PdNPs. For Pd@HCh-E, Pd@HCh-F, Pd@HCh-G, and Pd@HCh-H,
the tetraalkylammonium functionalized hydrochars, PdNPs are adsorbed on the support, as a result of
the interaction of the PdNPs with the ammonium groups, with no signs of agglomeration (Figure 18).
The authors analyzed the effect of various parameters on the particle size of PdNPs, ranging from 5.4
to 8.0 nm. The best dispersion and smallest size for PdNPs was observed for Pd@HCh-F. XPS analysis
and XRD patterns proved the presence of Pd(0).
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Figure 18. Left: SEM micrographs of thermally treated hydrochars (HCh-C and HCh-D) and their
functionalization via ether linkages (HCh-E and HCh-G from HCh-C; HCh-F and HCh-H from HCh-D).
Right: TEM images of hydrochar-supported PdNPs (Pd@HCh-C to Pd@HCh-H). Reproduced with
permission from Duarte et al., ChemCatChem; published by Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, Germany, 2020.

Among the different supported PdNPs, Pd@HCh-D and Pd@HCh-F were tested as heterogeneous
catalysts in the hydrogenation of 1-phenyl-1-propyne, under low H2 pressure and moderate temperature
(50 ◦C), obtaining complete conversion in both cases, with high chemo- and stereoselectivity towards
cis-alkene (Table 8). TEM analyses after hydrogenation showed obvious differences: while Pd@HCh-F
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was not changed, Pd@HCh-D showed agglomeration. This catalytic behavior proved that the Pd
surface was not passivated by the supports and favored the adsorption of alkenes.

Table 8. Catalytic activity of functionalized supported hydrochars PdNPs for 1-phenyl-1-propyne [64].
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Catalyst Time (h) pH2 (bar) Conversion (%) Selectivity (%)

Pd@HCh-D 2 3 >99 >99
Pd@HCh-F 2 3 >99 >99
Pd@HCh-D 1 1 34 91% (cis-1H’) + 9% 1H

Pd@HCh-F 1 1 >99 8% trans-1H’ + 72%
cis-1H’ +20% 1H

Pd@HCh-F, the most active catalyst, was further investigated for the hydrogenation of alkynes,
alkenes, and carbonyl and nitro derivatives, exhibiting high yields of 85–95% in all cases [64].
Moreover, the use of this catalyst avoided the use of expensive reagents and high temperatures,
leading to improved yields in shorter reaction times. The superior recyclability of Pd@HCh-F was
proven, through the reuse in 10 consecutive runs with preserved catalytic reactivity in accordance with
the unchanged catalytic materials as assessed by TEM, with no detectable metal. Conversely, the activity
of the commercial catalyst Pd/C dropped after three cycles, reaching only 36% conversion in the
subsequent run. In general, the non-porous character of HCh-D and derived hydrochars was beneficial
against detrimental diffusion paths throughout the support, allowing softer reaction conditions [66,67].

6. PdNPs@zeolites

Zeolites are crystalline materials widely used in several fields, as adsorption, separation processes,
and also heterogeneous catalysis [26,68,69]. The unique features of these materials including high
porosity, intrinsic acidity, shape selectivity, mechanical stability, exchange capacity makes them
particularly appealing as hosts for encapsulation of PdNPs. Nevertheless, their essentially microporosity
character can pose as a disadvantage, owing to diffusion limitations. For this reason, the widespread
use of zeolites as catalytic supports is limited, when compared with mesoporous materials. In these
cases, the immobilization is somewhat limited to the external surface.

To face this drawback, quite a few approaches have been endeavored towards accessibility and
mass transfer enhancement for these materials [70,71]. These methods aim for the development of
hierarchical zeolites, presenting micro and mesoporosity, which efficiently combine the inherent zeolites
properties with mesoporosity. For this matter, post-synthesis treatments, which result on enlargement
of the existent microporosity and generation of mesoporosity, can be applied [71–74]. The number
of publications regarding potential applications of hierarchical zeolites has increased [71,72,75],
although their use as supports for PdNPs for hydrogenation reactions is somewhat less described.

In 2016, Wang et al. reported the in-situ (IS) synthesis of a Pd/ZSM-5-IS catalyst based on an
azeotropic distillation process combined with a solvothermal method [76]. The synthesis involved
the generation of a reverse microemulsion in the presence of a surfactant, controlled the crystal
growth process and stability of the nanoparticles (Figure 19). The resulting emulsion was treated
by an azeotropic distillation, and carbon coated PdO NPs were formed after a solvothermal process
and carbonization. These PdO NPs were mixed into the ZSM-5 through a solvothermal process,
and uniform-sized and non-aggregated PdNPs confined within ZSM-5 structure were achieved after
calcination and reduction. The Pd loading of the catalysts was about 1.8 wt%, as determined by
ICP-OES. XRD patterns confirmed a high degree of crystallinity and the presence of metallic Pd for the
Pd/ZSM-5-IS samples.
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Figure 19. Procedure of the preparation of Pd/ZSM-5-IS catalyst. Reproduced with permission from
Ma et al., Chemical Engineering Journal; published by Elsevier B.V., 2015.

The confinement within ZSM-5 prevented the sintering and aggregation of PdNPs and provided
high thermal stability. PdNPs were highly dispersed, uniform in size and with a small average particle
size (3.8 nm) and a narrow size distribution. The evidences point out the PdNPs incorporation into the
intracrystalline structure of ZSM-5 zeolite, constrained by the rigid zeolitic framework, yielding Pd/ZSM
5-IS. When compared to conventional ZSM-5, Pd/ZSM-5-IS displays mesoporosity, with a narrow pore
size distribution and centered at 1.5 nm and 4 nm. XPS measurements of the Pd/ZSM-5-IS sample
confirmed the complete reduction of PdO to Pd(0). For comparison purposes, Pd/ZSM-5 was also
prepared through a conventional method, denoted as Pd/ZSM-5-IM.

The catalytic activity of Pd/ZSM-5-IS and Pd/ZSM-5-IM towards the hydrogenation of
p-nitrophenol to p-aminophenol were scrutinized (Figure 20). Although Pd/ZSM-5-IM showed
a quite similar catalytic activity to Pd/ZSM-5-IS at 80 ◦C, the temperature increase to 100 ◦C led to
a significant difference between the two. Conversion of p-nitrophenol for Pd/ZSM-5-IM was only
75% while a complete conversion was accomplished for Pd/ZSM-5-IS, most probably attributed to
the leaching and aggregation of the active species with an increase in the reaction temperature in this
case, as the majority of PdNPs are located on the external surface of ZSM-5. The authors point out
the thermal and chemical stability of the active sites, the small size of PdNPs as key factors for the
enhanced catalytic activity for Pd/ZSM-5-IM.
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The recyclability of both catalysts was studied, assessing possible deactivation and the number of
catalytic cycles. Pd/ZSM-5-IS presented an outstanding recycling stability, while Pd/ZSM-5-IM showed
65% of deactivation after five consecutive runs. After five cycles of reuse and compared with the fresh
catalyst, particle size and crystallinity of the spent Pd/ZSM-5-IS remains unchanged. The confinement
of PdNPs within the structure of ZSM-5 also provided efficient protection against contact of the catalyst
with toxic impurities. The performance of Pd/ZSM-5-IS catalyst also compared favorably with Pd
catalysts reported in the literature, as Pd-B/TiO2 [77], Pd/Al2O3 catalyst [78], and so on.

In 2016, Cui et al. reported the synthesis of Pd/zeolite hybrids with encapsulated PdNPs
inside mesoporous silicalite-1 nanocrystals (Pd@mnc-S1) by a simple one-pot method [79] from silica
nanoparticles and chloropalladic acid (Figure 21) [80], ensuring the complete incorporation of PdNPs
inside mesoporous silicalite-1 nanocrystals. Further aggregation was prevented using a small amount
of polyvinylpyrrolidone (PVP). The resulting amorphous silica aerogel was further heated at 120 ◦C in
an autoclave with a limited amount of water to trigger the Kirkendall growth of mesoporous silicalite-1
nanocrystals. Consecutive calcination of the obtained solid was performed for the removal of all
organic components and reduction of PdNPs to the metallic state.
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Figure 21. Schematic procedure for Pd@mnc-S1. Reproduced with permission from Cui et al.,
Angewandte Chemie—International Edition; published by Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, Germany, 2016.

TEM and SEM images show the formation of 200 nm silicalite NPs. High Resolution Transmission
Electron Microscopy (HRTEM) revealed the high crystallinity of the silicalite-1 nanocrystal, as confirmed
by XRD, as well as the formation of metallic PdNPs. The encapsulation of PdNPs did not affect the
crystallinity and mesoporous structure of the silicalite-1 nanocrystals. Elemental mapping images
revealed the homogeneous distribution of PdNPs in the silicalite-1 nanocrystals with an estimated
Pd content of 1.7 wt%. The catalyst presented a high thermal stability, confirming the integration
of PdNPs within the framework of silicalite-1 nanocrystals. PdNPs on the surface of the control
sample Pd/silicalite-1 showed significant aggregation with a significant particle size increase after the
calcination process.

The hydrogenation of nitrobenzene progressed effectively over Pd@mnc-S1 due to its integrated
structure and efficient mass transfer through the microporosity of MFI zeolite. Remarkably, Pd@mnc-S1
delivered 87% of product conversion within 2 min, comparable to the conversion (98%) over Pd/C.
The deposited PdNPs did not block the porosity of silicalite-1 and more significantly, the mesopores
and nanometric size of the zeolite nanocrystals abbreviated the mass transfer pathway of substrates to
the PdNPs inside Pd@mnc-S1. This has considerably enhanced the reaction rate, offering a comparable
catalytic activity of Pd@mnc-S1 to uncovered PdNPs. The Pd@mnc-S1 acted as a reusable heterogeneous
catalyst, with excellent stability.

The molecule-size dependent selectivity of Pd@mnc-S1 was tested in the same conditions
(Figure 22). The use of the commercial Pd/C with PdNPs accessible to all species, led to the hydrogenation
of nearly all nitroarenes, independently of their molecule dimensions. Overall shape-selectivity owing
to the mesoporosity as well as the nanosized crystals of the catalyst support promoted mass transfer to
PdNPs and their catalytic performance.
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Weinheim, Germany, 2016.

In 2017, Zhang and co-authors reported a new approach aiming to enhance the selectivity of
PdNPs in the hydrogenation reaction of substituted nitroarenes, over the preparation of a core–shell
Pd@Beta catalyst, showing advantages originated from the synergy between the high catalytic activities
of PdNPs, and the selective adsorption of reactants on the microporosity of zeolites.

The synthesis of Pd@Beta was accomplished by a seed-directed route of zeolite Beta crystals
proceeding by a core–shell growth mechanism that led to the development of newly formed zeolite from
the containing PdNPs. The purity of Pd@Beta was confirmed by XRD and N2 adsorption isotherms.
SEM and Scanning Transmission Electron Microscopy (STEM) provided evidence for the uniform
morphology of PdNPs@Beta and for the location of PdNPs within Pd@Beta [67] (Figure 23, left).
The Energy-Dispersive X-ray Spectroscopy (EDS) analysis corroborated the core–shell growth, showing
the full encapsulation of the PdNPs. The images further show highly dispersed PdNPs within the
zeolite crystals, with diameters of 0.9–3.1 nm.
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The adsorption of 4-nitrochlorobenzene on Pd@Beta leads to a parallel alignment of the molecule 
regarding the microporous channels, and to the favored bonding to the Pd sites through the nitro 
group. Pd@Beta showed high stability in recycling tests, without Pd aggregation or leaching, with a 
superior performance than the commercial Pd/C catalyst. The obtained data verified the overall 
application of Pd@Beta for the selective hydrogenation of nitroarenes. 

Wang and colleagues reported the selective hydrogenation of furfural over Pd@S-1-OH catalysts 
originated from the fixation of PdNPs inside of silicalite-1 zeolite, through the silanol groups 
mediated functionalization of the zeolite host (Figure 24) [81]. The -OH modified S-1 was prepared 
using as precursors diethoxydimethylsilane (DEMS) and tetraethyl orthosilicate, obtaining S-1-OHx 

Figure 23. Left: (A) SEM, (B) STEM, and (C–E) HRTEM images of Pd@Beta. PdNPs are highlighted in
yellow. (F) Size distribution of the PdNPs. Right: Substrate conversions (N) and product selectivities
(colored columns) for the hydrogenation of (G) 4-nitrochlorobenzene and (H) 4-nitrobenzaldehyde on
various catalysts. Proposed models for the 4-nitrochlorobenzene adsorption on (I) Pd/C and (J) Pd@Beta.
Color code: C gray, Cl light green, H white, N blue, O red, Pd dark green. Reproduced with permission
from Zhang et al., Angewandte Chemie—International Edition; published by Elsevier B.V., 2017.
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The hydrogenation of 4-nitrochlorobenzene was studied as a model reaction in the presence of
various Pd-containing catalysts (Figure 23, right). PdNPs@Beta provided high activity and selectivity
obtaining 4-chloroaniline as the exclusive detectable product, ascribed to the sterically effects on
the adsorption of the nitroarenes onto the zeolite microporosity. On the other hand, conventional
Pd catalysts lacked stability and selectivity. These results point out that the reduction of nitro
groups over chloro groups is favored by Pd@Beta. The reason for this high selectivity must be
related to the encapsulation of PdNPs, and not to its size, as suggested by the authors. To compare
the adsorption selectivities and strengths for nitrobenzene and chlorobenzene on the Pd catalysts,
adsorption replacement studies were conducted. Nitrobenzene was significantly more strongly
adsorbed on Pd@Beta in comparison to chlorobenzene. The authors assumed that the zeolite cover has
an influence on the accessible Pd surface.

The adsorption of 4-nitrochlorobenzene on Pd@Beta leads to a parallel alignment of the molecule
regarding the microporous channels, and to the favored bonding to the Pd sites through the nitro group.
Pd@Beta showed high stability in recycling tests, without Pd aggregation or leaching, with a superior
performance than the commercial Pd/C catalyst. The obtained data verified the overall application of
Pd@Beta for the selective hydrogenation of nitroarenes.

Wang and colleagues reported the selective hydrogenation of furfural over Pd@S-1-OH catalysts
originated from the fixation of PdNPs inside of silicalite-1 zeolite, through the silanol groups
mediated functionalization of the zeolite host (Figure 24) [81]. The -OH modified S-1 was prepared
using as precursors diethoxydimethylsilane (DEMS) and tetraethyl orthosilicate, obtaining S-1-OHx
(x = molar % of DEMS in the total amount of silica of the starting solution). For the synthesis of
Pd/S-1-OH, S-1-OH-10 zeolites were added into an aqueous Na2PdCl4 solution followed by ultrasonic
treatment. Pd/S-1-OH-10 seeds were obtained after calcination and reduction. The Pd/S-1 seeds were
attained through the same method, using S-1 zeolite. For the synthesis of Pd@S-1-OH-10, Pd/S-1-OH-10
seeds, SiO2-Me and TPAOH were mixed and grinded and thermally treated. After the removal of the
organic template and calcination of the silanol groups, Pd@S-1-OH-10 was obtained. The procedures
for the preparation of the materials are shown in Figure 24. Pd@S-1 synthesis followed the same
procedure, with Pd/S-1 and pure silica. Pd@S-1-OH-10 was additionally treated with HF.
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Figure 24. Experimental approach for the preparation of Pd@S-1-OH. Reproduced with permission
from Wang et al., ACS Catalysis; published by American Chemical Society, 2017.

XRD patterns of S-1, Pd@S-1-OH-10, and Pd@S-1-OH-20 samples revealed the typical peaks
assigned to the MFI structure. Samples S-1, Pd@S-1-OH-10, and Pd@S-1-OH-20 presented high
textural parameters, almost unaffected by inner surface modification. Comparable Pd loading amounts
were determined for Pd@S-1-OH-x (0.34 wt%), Pd/S-1, and Pd/Al2O3 (0.33 wt%). More hydrophilic
surfaces were observed for Pd@S-1-OH-10 and Pd@S-1-OH-20. The TEM images of Pd@S-1-OH-10 NPs
confirmed the fixation of these particles within the S-1 crystals and also a PdNPs size distribution in
Pd@S-1-OH-10 and Pd@S-1 that falls within the range 3–11 and 5–11 nm, respectively. The PdNPs are
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located on the outer surface of S-1 zeolite on Pd/S-1, presenting a size distribution at 4–10 nm.
Hydrogenation of furfural was studied to assess the catalyst activity. The reaction involves
different pathways, yielding products as furfuryl alcohol, furan, dihydrofuran, tetrahydrofuran,
tetrahydrofurfuryl alcohol, and bulky ether molecules. Furfural conversion and furan selectivity
for Pd@S-1-OH-10 significantly enhanced when the temperature is increased to 275 ◦C (Table 9).
Lower furfural conversions were obtained in all cases for the Pd@S-1 catalyst. The best catalytic result
over Pd@S-1 was obtained at 250 ◦C, with a furfural conversion of 93% and furan selectivity at 97%.
The Pd/S-1 displayed low furan selectivities, lower than 13% (not shown). The gathered data highlight
the remarkable catalytic performance of Pd@S-1-OH-10, even when compared to that reported for
the industrial catalyst, Pd/Al2O3 [82]. In addition, the larger molecules arising from furfural the
condensation were observed as main products over Pd/S-1 and Pd/Al2O3, however not detectable
for Pd@S-1-OH-10 and Pd@S-1. Since the Pd sites of Pd@S-1-OH-10 and Pd@S-1 are fixed in zeolite
crystals, bulkier molecules are unlikely to form, given the micropores dimensions. This enhanced
catalytic performance of Pd@S-1-OH-10 is fairly attributed to its more hydrophilic zeolite sheath.
Pd@S-1-OH-20 has shown lower furan selectivities, which might be related to its lower crystallinity,
and consequently a reduced micropore volume and surface area.

Table 9. Catalytic results for furfural hydrogenation over Pd@S-1-OH-10 and Pd@S-1 [81].

Catalyst Temperature (◦C) Conversion (%) Selectivity (%)
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Pd@S-1-OH-10

150 56.7 82.5
175 89.5 89.7
200 >99.9 95.9
225 >99.9 98.4
250 >99.9 >99.9
275 >99.9 >99.9
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To unveil the significance of the hydrophilic zeolite sheath, Pd@S-1-OH-10 was treated with HF
to partly destroy the zeolite sheath. Pd@S-1-OH-10-HF exhibited a significant reduction of furfural
conversion (80%) and furan selectivity (58%), proving the key role of S-1-OH zeolite sheath in catalytic
furfural hydrogenation. To assess catalyst stability, the catalytic performance of Pd@S-1-OH-10 was
investigated over time at 200 ◦C. While selectivity was maintained, a conversion drop is observed,
being restored to >99.9% upon calcination. Deactivation of the catalyst was related to coke formation.
TEM images of the used Pd@S-1-OH-10 catalyst still exhibit a very similar PdNPs diameter distribution
to that of the fresh catalyst, along with negligible Pd leaching, highlighting the stability of the
zeolite sheath.

In 2018, Zhao and co-workers described a strategy synthesis for encapsulated PdNPs inside
FER zeolite through a layer reassembling procedure [83]. Pd precursor incorporation was achieved
by swelling FER layers in RUB-36 using cetyltrimethylammonium cations (CTA+) followed by
a subsequent ion exchange process, excluding the organic template diethyldimethyl ammonium
(DEDMA) (Figure 25). The removal of the long CTA+ chain allowed the recovery of the distances
between FER layers. The condensation of silanol groups and PdNPs establishment amongst the
adjacent FER layers was finally completed after calcination and reduction.
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XRD patterns confirmed the swelling between FER layers, distant enough to offer space for
the access of Pd(en)2

2+, and high crystallinity for Pd@FER. The authors validated the successful
Pd introduction (1.4 wt%) in-between FER layers. Typical flake morphologies were observed in
SEM images of Pd@FER, quite like Pd/RUB-37 synthesized through an incipient wetness approach,
with 0.9 wt% Pd content. TEM images point out well-dispersed and ultrafine 1.4 nm PdNPs in the
zeolite, and only slight sintering near the edges of the sheets. Pd/RUB-37 shows 4.2 nm PdNPs with a
broader size distribution. The 29Si MAS NMR spectrum of Pd@FER indicates a considerable number
of SiOH groups on the support. The homogeneous distribution of PdNPs within FER zeolite may
result from its distinctive 2D structure. Particle sintering among different layers is hindered, as Pd
precursors or NPs are in between the FER layers with no micropores; therefore, enhancing thermal
stability. The chemical state of PdNPs was studied by XPS, revealing metallic Pd for both samples,
with an intensity of the signal considerably higher for Pd/RUB-37, as in this case most of PdNPs are
located on the surface.

Hydrogenation reactions of 1-hexene and 1-phenyl-1-cyclohexene with different steric hindrance
were performed with the catalysts. Pd@FER showed a somewhat lower reaction rate, and 100%
conversion of 1-hexene, given its molecular size close to the pore aperture of FER zeolite. On the
other hand, when 1-phenyl-1-cycohexene, a molecule with a much larger steric hindrance was used as
substrate, almost no conversion is seen for Pd@FER catalyst, while for Pd/RUB-37, a conversion of
30% is obtained. In the case of 1-hexene hydrogenation reaction, a considerable amount of 2-hexene
is observed for both catalysts with substantially slower conversion for Pd@FER due to the same
reason (Figure 26).

Furthermore, Pd@FER has shown high activity for benzaldehyde with 100% to toluene,
whereas Pd/RUB-37 presented lower benzaldehyde conversion, and a significant amount of benzyl
alcohol was observed, reaching no more than 66% of toluene yield. Conversely, Pd/RUB-37 has shown
very high activity for the significantly larger diphenylmethanone, with 100% transformation into
diphenylmethane after 60 min. Pd@FER reached no more than 10% of diphenylmethanone yield given
the steric hindrance. Overall, these results unequivocally validate the shape-dependent selectivity of
Pd@FER for hydrogenation reactions and prove the successful encapsulation of PdNPs.



Processes 2020, 8, 1172 25 of 41

Processes 2020, 8, x FOR PEER REVIEW 24 of 42 

 

XRD patterns confirmed the swelling between FER layers, distant enough to offer space for the 
access of Pd(en)22+, and high crystallinity for Pd@FER. The authors validated the successful Pd 
introduction (1.4 wt%) in-between FER layers. Typical flake morphologies were observed in SEM 
images of Pd@FER, quite like Pd/RUB-37 synthesized through an incipient wetness approach, with 0.9 
wt% Pd content. TEM images point out well-dispersed and ultrafine 1.4 nm PdNPs in the zeolite, and 
only slight sintering near the edges of the sheets. Pd/RUB-37 shows 4.2 nm PdNPs with a broader size 
distribution. The 29Si MAS NMR spectrum of Pd@FER indicates a considerable number of SiOH groups 
on the support. The homogeneous distribution of PdNPs within FER zeolite may result from its 
distinctive 2D structure. Particle sintering among different layers is hindered, as Pd precursors or NPs 
are in between the FER layers with no micropores; therefore, enhancing thermal stability. The chemical 
state of PdNPs was studied by XPS, revealing metallic Pd for both samples, with an intensity of the 
signal considerably higher for Pd/RUB-37, as in this case most of PdNPs are located on the surface. 

Hydrogenation reactions of 1-hexene and 1-phenyl-1-cyclohexene with different steric 
hindrance were performed with the catalysts. Pd@FER showed a somewhat lower reaction rate, and 
100% conversion of 1-hexene, given its molecular size close to the pore aperture of FER zeolite. On 
the other hand, when 1-phenyl-1-cycohexene, a molecule with a much larger steric hindrance was 
used as substrate, almost no conversion is seen for Pd@FER catalyst, while for Pd/RUB-37, a 
conversion of 30% is obtained. In the case of 1-hexene hydrogenation reaction, a considerable amount 
of 2-hexene is observed for both catalysts with substantially slower conversion for Pd@FER due to 
the same reason (Figure 26).  

 
Figure 26. (a) Hydrogenation activities of 1-hexene and 1-phenyl-1-cyclohexene; (b) product 
distributions for 1-hexene hydrogenation over Pd@FER and Pd/RUB-37 catalysts. Reproduced with 
permission from Zhao et al., ChemCatChem; published by Wiley-VCH Verlag GmbH & Co. KGaA, 
Weinheim, Germany, 2018. 

Furthermore, Pd@FER has shown high activity for benzaldehyde with 100% to toluene, whereas 
Pd/RUB-37 presented lower benzaldehyde conversion, and a significant amount of benzyl alcohol 
was observed, reaching no more than 66% of toluene yield. Conversely, Pd/RUB-37 has shown very 
high activity for the significantly larger diphenylmethanone, with 100% transformation into 
diphenylmethane after 60 min. Pd@FER reached no more than 10% of diphenylmethanone yield 
given the steric hindrance. Overall, these results unequivocally validate the shape-dependent 
selectivity of Pd@FER for hydrogenation reactions and prove the successful encapsulation of PdNPs. 

Zhang et al. also investigated the influence of electronic and steric effects in the hydrogenation 
of nitroarenes over Pd@Beta and Pd@MWW catalysts [84] (Figure 27). Pd@zeolite samples were 
prepared by a one-pot synthesis using an Pd(NH3)4(NO3)2 aqueous solution and subsequent 
reduction [28,85,86]. The introduction of the Pd caused no significant structural or textural changes 
on the zeolites. 

Figure 26. (a) Hydrogenation activities of 1-hexene and 1-phenyl-1-cyclohexene; (b) product
distributions for 1-hexene hydrogenation over Pd@FER and Pd/RUB-37 catalysts. Reproduced with
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Zhang et al. also investigated the influence of electronic and steric effects in the hydrogenation of
nitroarenes over Pd@Beta and Pd@MWW catalysts [84] (Figure 27). Pd@zeolite samples were prepared
by a one-pot synthesis using an Pd(NH3)4(NO3)2 aqueous solution and subsequent reduction [28,85,86].
The introduction of the Pd caused no significant structural or textural changes on the zeolites.
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Slightly lower surface areas and a micropore volume decrease was observed for Pd@zeolite in
regard to the parent material, likely due to a partial blockage of the porosity of the zeolites. TEM images
proved the presence of uniformly distributed PdNPs in Beta and MWW zeolites, presenting an average
particle size of 2.6 and 1.7 nm in accordance with the different dimensions of their channels diameter,
0.59 nm for Beta and 0.49 nm for MWW zeolite. A Pd content of 0.38 and 0.36 wt%, was estimated
for Pd@Beta and Pd@MWW, respectively. The FTIR spectra taken after exposure of Pd@Beta and
Pd@MWW catalysts to CO atmosphere revealed that that Pdn+ species were easier to reduce when
supported on Beta zeolite.

The catalysts were applied to the hydrogenation of nitroarenes, showing activity for most
of the investigated substrates, yielding the aromatic amines without the detection of by-products.
Pd@Beta catalyst showed a higher catalytic performance than Pd@MWW, even though they present
similar Pd contents (0.38 wt% for Beta and 0.36 wt% for MWW) and average size of PdNPs.
The lower catalytic activity of Pd@MWW is most likely related to diffusional constraints of the
MWW microporosity. A better performance was observed for Pd@Beta given its large microporosity,
facilitating mass transport of the molecules. To explore the electronic effect, electron-donating and
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electron-withdrawing substituents in meta-position on the aromatic ring were selected to investigate
details of the hydrogenation of nitroarenes (Figure 28). The gathered data show that steric effects are
critical for the reaction rate of nitroarenes, in regard to both molecular sieving effect of the zeolite and
hindrance of the groups. The reduction of the substituent groups on the ortho position is more difficult
than the meta- and para- isomers.

Processes 2020, 8, x FOR PEER REVIEW 25 of 42 

 

 
Figure 27. Proposed approach towards preparation and application of Pd@Beta and Pd@MWW. 
Reproduced with permission from Zhang et al., Catalysis Today; published by Elsevier B.V., 2019. 

Slightly lower surface areas and a micropore volume decrease was observed for Pd@zeolite in 
regard to the parent material, likely due to a partial blockage of the porosity of the zeolites. TEM 
images proved the presence of uniformly distributed PdNPs in Beta and MWW zeolites, presenting 
an average particle size of 2.6 and 1.7 nm in accordance with the different dimensions of their 
channels diameter, 0.59 nm for Beta and 0.49 nm for MWW zeolite. A Pd content of 0.38 and 0.36 
wt%, was estimated for Pd@Beta and Pd@MWW, respectively. The FTIR spectra taken after exposure 
of Pd@Beta and Pd@MWW catalysts to CO atmosphere revealed that that Pdn+ species were easier to 
reduce when supported on Beta zeolite. 

The catalysts were applied to the hydrogenation of nitroarenes, showing activity for most of the 
investigated substrates, yielding the aromatic amines without the detection of by-products. Pd@Beta 
catalyst showed a higher catalytic performance than Pd@MWW, even though they present similar Pd 
contents (0.38 wt% for Beta and 0.36 wt% for MWW) and average size of PdNPs. The lower catalytic 
activity of Pd@MWW is most likely related to diffusional constraints of the MWW microporosity. A 
better performance was observed for Pd@Beta given its large microporosity, facilitating mass 
transport of the molecules. To explore the electronic effect, electron-donating and electron-
withdrawing substituents in meta-position on the aromatic ring were selected to investigate details 
of the hydrogenation of nitroarenes (Figure 28). The gathered data show that steric effects are critical 
for the reaction rate of nitroarenes, in regard to both molecular sieving effect of the zeolite and 
hindrance of the groups. The reduction of the substituent groups on the ortho position is more 
difficult than the meta- and para- isomers. 

 
Figure 28. Initial reaction rates for the hydrogenation of nitroarenes over Pd@Beta and Pd@MWW. 
Reproduced with permission from Zhang et al., Catalysis Today; published by Elsevier B.V., 2019. 
Figure 28. Initial reaction rates for the hydrogenation of nitroarenes over Pd@Beta and Pd@MWW.
Reproduced with permission from Zhang et al., Catalysis Today; published by Elsevier B.V., 2019.

The reusability of Pd@Beta was investigated, performing the hydrogenation of 3-nitrotoluene
with the reuse of Pd@Beta up to five cycles. The authors observed high conversions in three cycles,
with high selectivity to m-toluidine. Upon the fourth and fifth runs, a conversion drop was observed
and the spent Pd@Beta catalyst was regenerated and reused for two further cycles, recovering almost
a full conversion, with constant selectivity. The deactivation of Pd@Beta was mainly assigned to
contamination or coke formation on PdNPs.

7. PdNPs@MOFs

MOFs are hybrid crystalline porous materials, featuring periodic network structures, consisting in
the assembly of metal ions/clusters and organic linkers [23,87]. MOFs are very promising materials
for application in a variety of fields, with a special focus on catalysis, one of its most rapidly
growing field of application. The intrinsic properties of MOFs involve highly porous structures with
well-dispersed active sites, which significantly facilitate the access of reactants and a stable character,
ensuring recyclability. In addition, their highly uniform pore shapes and sizes confers MOFs its
size-selective catalytic properties.

MOFs are therefore exceptional supports for PdNPs, offering a diversity of functionalized
MOFs skeleton, and allowing the catalyst separation and reuse [24,88]. For PdNPs@MOF systems,
PdNPs act as active centers and MOFs as stabilizers, the simplest type of synergy between both.
Four synthetic approaches are usually considered for the immobilization of PdNPs on MOFs: (1) in the
structure and/or on the external surface of the MOF, prior to MOFs synthesis; (2) introduction of the
MNPs into the reaction solution for MOF growth, incorporating PdNPs; (3) step-by-step synthesis of
MNPs@MOF; (4) synthesis of MNP@MOF in one-step. Through the synergy between PdNPs and MOFs,
enhanced catalytic activity can be achieved. The research advances of Pd@MOFs in heterogeneous
catalysis for hydrogenation reactions are discussed below, highlighting the key factors contributing to
the catalytic performance of these systems.

Zhang et al. studied the hydrophilicity/hydrophobicity of two MOFs, MIL-101, and MIL-53 on
encapsulated PdNPs and the resulting catalytic activity towards phenol hydrogenation (Figure 29) [89].
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MIL-101 and MIL-53 were obtained following procedures described in the literature [90,91] and
Pd@MOFs catalysts via a deposition-reduction methodology. Given the high hydrophilicity of
mesoporous MIL-101, it performed better as a support for small PdNPs (2.3 nm), most likely related to
weak π interaction, that provided high dispersion of the Pd precursor. On the other hand, larger sized
PdNPs (4.3 nm) were found on the surface of the microporous hydrophobic MIL-53, with clear
signs of aggregation. XRD patterns suggested a finely dispersion of the PdNPs for both materials.
The Pd dispersion achieved for Pd/MIL-101 and Pd/MIL-53 was of 44% and 35%, correspondingly.
Surface hydrophobicity was assessed by phenol and cyclohexanone adsorption studies on MILs.
Stronger phenol adsorption was observed for MIL-53, as a result of the narrower porosity of this
material that can lead to a stronger hydrophobic section in its pores.
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The catalytic activity of Pd/MIL-101 and Pd/MIL-53 for phenol hydrogenation has shown
selectivities >98% for cyclohexanone, given its stronger adsorption affinity for both MILs.
The performance of Pd/MIL-101 was always better than Pd/MIL-53. The hydrogenation of the
phenyl group compounds most probably occurs on the Pd surface, as reported in the literature [92].
The mesoporosity and hydrophilicity of MIL-101, as well as the smaller particle size for PdNPs,
are pointed out as responsible for its higher catalytic activity, as some PdNPs may exist inside its
porosity, originating metal-π interactions between the framework and the particles. The catalysts
were recycled up to 5 times without Pd leaching to the solution. Nevertheless, a decrease in the
activity was detected after three runs, related to particle size growth in both cases, increasing to 4.1
and 5.3 nm, for Pd/MIL-101, and Pd/MIL-53, respectively, as reported in previous studies [93,94].
Particle aggregation was also considered accountable for catalyst deactivation.

Xu and co-workers also used MIL-100 to synthesize a PdNPs@MIL-100(Fe) composite to be applied
as catalyst for 2/3/4-nitrophenol reduction [95]. MIL-100(Fe) nanospheres were obtained through a
modified procedure according to previous works [96]. The Pd@MIL-100(Fe) composite was prepared by
encapsulation of PdNPs on MIL-100(Fe) nanospheres, according to a solution impregnation approach
followed by a hydrogen-reduction method. TEM images of MIL-100(Fe) showed particles with a
spherical morphology with ca. 120 nm, assembled by aggregation of MIL-100(Fe) NP preferentially
along a particular lattice plane (Figure 30, left).

The confinement effect within MIL-100(Fe) allowed to obtain small and highly stable PdNPs
(4–6 nm) as well as highly dispersed on the external surface and in the porous network. The amount of
Pd on the composite was 1.57 wt%. MIL-100(Fe), as determined by ICP. PdNPs@MIL-100(Fe) displayed
similar type I adsorption isotherms, revealing their microporous structure. The appreciable decrease
of surface area observed for Pd@MIL-100(Fe) indicates a partial occupation of the porosity of the
framework by PdNPs formed within this structure. XPS spectra confirmed that most of the Pd is in the
reduced form.

The catalytic activity towards nitrophenol reduction to aminophenol by NaBH4,
for Pd@MIL-100(Fe) nanocomposite was studied, revealing conversion ratios of about 100%, 97%,
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and 92%) for 4-nitrophenol, 2-nitrophenol, and 3-nitrophenol, respectively, related to electronic density
of the nitro groups. Additionally, conjugation and inductive effects are present for 2-nitrophenol and
4-nitrophenol. The high performance stability of Pd@MIL-100(Fe) composites was ascribed to the
MIL-100(Fe) confinement effect, with no apparent structural or morphological changes after five cycles
of reuse, pointing out its stability in the long term. The catalytic performance of Pd@MIL-100(Fe) was
also compared with the commercially available Pd/C catalyst and others previously tested similar
catalysts, being comparable or even higher than other metal/MOFs systems reported in the literature.
For this finding, the authors highlight the role of the porosity of MIL-100(Fe) in mass transfer of
4-nitrophenol molecules, leading to readily accessible PdNPs. As for the reaction mechanism, there is a
hydrogen and electrons transfer from the borohydride ions to the PdNPs, that will attack 4-nitrophenol,
reducing it to 4-aminophenol (Figure 30, right). The enhanced catalytic activity of Pd@MIL-100(Fe)
nanocomposites was therefore ascribed to a synergistic effect between MIL-100(Fe) and PdNPs.
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In 2014, an easy synthesis procedure for the encapsulation of PdNPs through ligand design
preceding the UiO-67 MOF assembly was reported for the first time by Chen et al. [97]. The choice
of a UiO-67 type MOF was due to its textural parameters and extraordinary stability [98]. A mixed
ligand strategy was used for the synthesis of Pd-UiO-67, using PdCl2(CH3CN)2 and dimethyl
(2,20-bipyridine)-5,50-dicarboxylate as ligand, followed by base-catalyzed hydrolysis. The prepared
Pd(II)-in-UiO-67 was reduced yielding Pd(0)-in-UiO-67, with different Pd loadings (Figure 31). Pd was
also immobilized on the pre-synthesized UiO-67 by means of an impregnation method obtaining
Pd0/UiO-67, for comparison purposes.
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No crystallinity loss was observed for the Pd modified samples, suggesting the integrity of
the UiO-67 structure after modification. Nitrogen adsorption isotherms pointed out the occupation
of the cavities of UiO-67 by the highly dispersed PdNPs. The slight surface area decrease for
Pd(0)-in-UiO-67 was probably due to Pd introduction by ligand design preceding MOF assembling.
The aggregation of metal precursors was therefore significantly restricted, contrarily to reports in the
literature for the posterior introduction of Pd [100]. A PdNPs uniform distribution throughout the
UiO-67 framework was observed for 1.0% Pd0-in-UiO-67, for 3.0 nm particles, mostly located inside
UiO-67 (Figure 32). Additionally, the presence of Pd(0) in Pd0-in-UiO-67 was confirmed. TEM images
of Pd0/UiO-67 revealed 5.5 nm PdNPs, with some aggregation and deposition on the external surface.
Moreover, FTIR spectra showed electron transfer from UiO-67 to PdNPs, proving a clear interaction
between the two.
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Pd(0)-in-UiO-67 and 0.6% Pd0/UiO-67 were applied in the hydrogenation of styrene and
tetraphenylethylene. Both the catalysts demonstrated high activity towards styrene hydrogenation,
presenting similar conversion, indicating no significant diffusional issues for UiO-67 framework, due to
the styrene small dimensions (4.2 Å). On the contrary, for the hydrogenation of a bulkier molecule
(tetraphenylethylene, 6.7 Å), significantly different results were obtained, with no detectable activity
for Pd0-in-UiO-67, and a comparably good activity for Pd0/UiO-67 catalyst.

These results demonstrated that PdNPs located on the external surface play a key role in the
reaction in comparison to the encapsulated PdNPs due to pore size exclusion. The encapsulated PdNPs
showed very good shape-selectivity, showing significantly enhanced catalytic activities and stability
for the hydrogenation of olefins and nitrobenzene reduction. In brief, the enhanced catalytic activity
and stability were attributed to the confinement effect and electron-donation provided by the geometry
of the MOF [97].

The influence of the chemical environment of PdNPs on their catalytic performance was
investigated by Chen et al. Therein, Pd@UiO-66-X composites were prepared by PdNPs encapsulation
via an ultrasound-assisted double-solvent approach into the pores of MOF UiO-66-X (X = H, OMe,
NH2, 2OH, 2OH(Hf)) (Figure 33) [99]. UiO-66-X presents a 3D network consisting in two types of small
diameters cages and high chemical stability [98,101]. XRD patterns of UiO-66-X and Pd@UiO-66-X
confirmed its crystallinity and all Pd@UiO-66-X appear to have inherited the UiO-66 structure. A surface
area decrease upon the introduction of different functional groups on Pd@UiO-66-X was observed,
due to the partial pore occupation and increased PdNPs weight. All Pd@UiO-66-X catalysts display
analogous pore size distributions, thus allowing the exclusive study of the influence of the chemical
environment. TEM images for Pd@UiO-66-NH2 suggests that very small PdNPs (<1.1 nm) are highly
dispersed throughout the entire MOF particle, further confirmed by the EDS mapping. Most of PdNPs
presenting similar or inferior dimensions regarding the MOF cages were effectively confined. The Pd
contents in Pd@UiO-66-X lie in the range of 2.1–2.8 wt%.
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Figure 33. Schematic illustration of the preparation of Pd@UiO-66-X. Reproduced with
permission Reproduced with permission from Chen et al., Advanced Materials; published by
Wiley-VCH Verlag & Co. KGaA, Weinheim, Germany, 2020.

The selective hydrogenation of benzoic acid was explored for the prepared catalysts.
The Pd@UiO-66-X have shown quite a distinctive catalytic activity, regarding the corresponding
functional group and metal cluster (Figure 34). The almost complete conversion (>99%) for
Pd@UiO-66-2OH contrasts with the increasingly decreased conversions obtained for Pd@UiO-66-NH2,
Pd@UiO-66-OMe, and Pd@UiO-66, of 73, 30, and 7%, respectively. Nevertheless, all the catalysts
were able to convert benzoic acid with total selectivity to benzyl alcohol and more importantly,
conserved integrity of the UiO-66-2OH structure, without Pd agglomeration.
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The surface electronic properties of confined PdNPs, regarding the discriminated charge
transfer interactions among Pd and the MOF, are accountable for the results, as the number
of electrons transferred from the Pd clusters to the framework is consisting with its activity
(Figure 34, right). Further studies also revealed the contribution of the adsorption energy of
Pd@UiO-66-X catalysts for this matter. The adsorption strength of substrates follows the sequence
Pd@UiO-66-2OH<Pd@UiO-66-2OH(Hf)<Pd@UiO-66-NH2<Pd@UiO-66-OMe< Pd@UiO-66, that is,
the opposite of that observed for the catalytic activity [99]. Pd@UiO-66-2OH catalyst was further
explored for the hydrogenation of benzoic acid derivatives, achieving excellent conversion and
selectivity for all p-substituted benzoic acids.

Zhou et al. described an effective in situ methodology for the preparation of highly stable
ZIF-8 supported carbon-stabilized PdNPs (C@Pd/ZIF-8) [102]. ZIF-8 is a typical MOF presenting a
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well-defined porous structure with high surface area and large pore size and also high thermal stability,
being selected as the support to disperse the carbon encapsulated PdNPs (Figure 35).
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Glucose and Pd salts introduced into the porous structure of ZIF-8 were further converted to the
resultant carbon and PdNPs. The growth of the stable carbon-encapsulated PdNPs was controlled by
both the neighboring carbon and the porosity of ZIF-8, providing good dispersion without aggregation
and high stability.

As estimated, C@Pd/ZIF-8 presented a decrease of the surface area compared to pure ZIF-8 owing
to the residual carbon. Pore size distributions for both materials centered at ∼2 nm, thus large enough
for substrates access within the cavities. XRD patterns and FTIR spectra suggested a well-preserved
structure for ZIF-8 in the C@Pd/ZIF-8 catalysts. In addition, SEM images disclose similar morphologies,
although with different sizes (Figure 35). The larger size of the C@Pd/ZIF-8 comparing to the synthesized
ZIF-8, was related to the amorphous carbon on the surface of ZIF-8, upon decomposition of glucose.
Well-dispersed PdNPs were observed by TEM, presenting particle sizes of around 1.7 and 2.7 nm for
Pd/ZIF-8 and C@Pd/ZIF-8, respectively. The determined Pd content in Pd/ZIF-8 and C@Pd/ZIF-8 was
of about 2.9% and 2.7%, respectively.

C@Pd/ZIF-8 catalysts were used in the hydrogenation of olefins (Table 10). The high activity of
the C@Pd/ZIF-8 catalysts was corroborated, and also a significantly enhanced recycling stability when
compared to Pd/ZIF-8.

Table 10. Catalytic activity of the catalysts towards the hydrogenation of olefins [103].

Substrate Conversion (%)

C@PdZIF-8 Pd/ZIF-8
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Both catalysts exhibited analogous conversions yield in the hydrogenation of olefins. Recycling
studies for C@Pd/ZIF-8 and Pd/ZIF-8 towards the hydrogenation of olefins were conducted, revealing
a successful reuse of C@Pd/ZIF-8 in five consecutive cycles without significant catalytic activity loss.
Conversion yields of 85, 67, and 38% were obtained for the hydrogenations of styrene, 1-heptene,
and cyclohexene, in the fifth run. For Pd/ZIF-8, an accentuated drop in the activity was observed after
each cycle. TEM images of the recycled C@Pd/ZIF-8 catalyst showed an unchanged mean diameter
for the PdNPs compared to the fresh catalyst. Quite the opposite occurred for Pd/ZIF-8, with an
accentuated decrease on conversion during the recycles, most likely related to serious aggregation or
leaching, resulting in catalyst deactivation. The commercially available Pd/C catalyst demonstrated
poor stability in comparison with C@Pd/ZIF-8.

In 2020, Zhao and co-workers reported a simple and sustainable method using ZIF-8 for the
preparation of Pd@ZIF-8 hollow microspheres with encapsulated PdNPs [103], highlighting once
again the great catalytic potential of this material. The proposed procedure avoided the use of surface
treatment of template microspheres. The synthesis of Pd@ZIF-8 hollow microspheres is presented
in Figure 36. Well-defined Pd@ZIF-8 hollow microspheres were achieved after the removal of the
polyvinylpyrrolidone (PVP)-stabilized polystyrene (PS) template microspheres. SEM and TEM images
exhibited monodispersed 1.3 µm PS template and small PdNPs (ca. 4.5 nm) well dispersed on the
microspheres, with no signs of visible aggregation. SEM images demonstrated the encapsulation
of every PS/Pd composite particle by a ZIF-8 shell (ca. 120 nm) (Figure 37). The Pd@ZIF-8 hollow
microspheres, with a Pd content of 1.86%, presented a spherical shape and uniform size, maintaining
its integrity. The textural parameters point out the microporosity of the ZIF-8 shell, with micropores
with widths in the range of 1–2 nm. The slight decrease in the surface area observed for Pd@ZIF-8
hollow microspheres did not cause diffusional constraints to the reactants in the catalytic process.

Processes 2020, 8, x FOR PEER REVIEW 31 of 42 

 

C@Pd/ZIF-8 catalysts were used in the hydrogenation of olefins (Table 10). The high activity of 
the C@Pd/ZIF-8 catalysts was corroborated, and also a significantly enhanced recycling stability 
when compared to Pd/ZIF-8. 

Table 10. Catalytic activity of the catalysts towards the hydrogenation of olefins [103]. 

Substrate Conversion (%) 

 C@PdZIF-8 Pd/ZIF-8 

 
95.1 98.5 

 75.2 77.8 

 
47.3 44.9 

 
24.7 21.8 

 
19.6 17.7 

Both catalysts exhibited analogous conversions yield in the hydrogenation of olefins. Recycling 
studies for C@Pd/ZIF-8 and Pd/ZIF-8 towards the hydrogenation of olefins were conducted, 
revealing a successful reuse of C@Pd/ZIF-8 in five consecutive cycles without significant catalytic 
activity loss. Conversion yields of 85, 67, and 38% were obtained for the hydrogenations of styrene, 
1-heptene, and cyclohexene, in the fifth run. For Pd/ZIF-8, an accentuated drop in the activity was 
observed after each cycle. TEM images of the recycled C@Pd/ZIF-8 catalyst showed an unchanged 
mean diameter for the PdNPs compared to the fresh catalyst. Quite the opposite occurred for Pd/ZIF-
8, with an accentuated decrease on conversion during the recycles, most likely related to serious 
aggregation or leaching, resulting in catalyst deactivation. The commercially available Pd/C catalyst 
demonstrated poor stability in comparison with C@Pd/ZIF-8. 

In 2020, Zhao and co-workers reported a simple and sustainable method using ZIF-8 for the 
preparation of Pd@ZIF-8 hollow microspheres with encapsulated PdNPs [103], highlighting once again 
the great catalytic potential of this material. The proposed procedure avoided the use of surface 
treatment of template microspheres. The synthesis of Pd@ZIF-8 hollow microspheres is presented in 
Figure 36. Well-defined Pd@ZIF-8 hollow microspheres were achieved after the removal of the 
polyvinylpyrrolidone (PVP)-stabilized polystyrene (PS) template microspheres. SEM and TEM images 
exhibited monodispersed 1.3 μm PS template and small PdNPs (ca. 4.5 nm) well dispersed on the 
microspheres, with no signs of visible aggregation. SEM images demonstrated the encapsulation of 
every PS/Pd composite particle by a ZIF-8 shell (ca. 120 nm) (Figure 37). The Pd@ZIF-8 hollow 
microspheres, with a Pd content of 1.86%, presented a spherical shape and uniform size, maintaining 
its integrity. The textural parameters point out the microporosity of the ZIF-8 shell, with micropores 
with widths in the range of 1–2 nm. The slight decrease in the surface area observed for Pd@ZIF-8 
hollow microspheres did not cause diffusional constraints to the reactants in the catalytic process. 

 
Figure 36. Synthetic procedure of Pd@ZIF-8 hollow microspheres. Reproduced with permission from 
Zhao et al., Langmuir; published by The American Chemical Society, 2020. 
Figure 36. Synthetic procedure of Pd@ZIF-8 hollow microspheres. Reproduced with permission from
Zhao et al., Langmuir; published by The American Chemical Society, 2020.

Processes 2020, 8, x FOR PEER REVIEW 32 of 42 

 

The tuning of the structure of Pd@ZIF-8 hollow microspheres was accomplished by the 
regulating effect of the shell thickness of ZIF-8. The PS/Pd composite particles containing smaller 
sized PdNPs have shown higher catalytic activity, pointing out the role of PdNPs functions as 
catalytically active sites in the composite. 

 
Figure 37. SEM image (a) and TEM images (b,c) of the Pd@ZIF-8 hollow microspheres with the 
diameter of PdNPs being ca. 7.0 nm. Reproduced with permission from Zhao et al., Langmuir; 
published by The American Chemical Society, 2020. 

Pd@ZIF-8 hollow microspheres, PS/Pd, and PS/Pd@ZIF-8 composite particles were assessed for 
the hydrogenation of alkenes of different molecular sizes in liquid-phase. Selected data of the catalytic 
performance of the materials is presented in Figure 38. The three catalysts demonstrated high activity 
for 1-hexene hydrogenation, reaching full conversion, given the small dimensions of this molecule 
(2.5 Å), and the absence of diffusional constraints through the pore openings of ZIF-8 shells (3.4 Å). 
In the case of cyclohexene (4.2 Å), while the PS/Pd composite yet demonstrated significant activity 
and conversion, a dramatic conversion decrease was reported for the PS/Pd@ZIF-8 (13%) and 
Pd@ZIF-8 (16%) as catalysts, respectively. Although cyclohexene dimensions surpassed the aperture 
size of ZIF-8, diffusion of this molecule was still possible, due to the framework flexibility. No visible 
activity was observed for the hydrogenation of cyclooctene for the PS/Pd@ZIF-8 composite particles 
and Pd@ZIF-8 hollow microspheres. However, the PS/Pd composite particles showed 22% of 
cyclooctene conversion. Cyclooctene (5.5 Å) is considerably larger than the aperture size of ZIF-8, 
and therefore, only PS/Pd composite particles with anchored PdNPs on the surface of PS 
microspheres have shown catalytic activity. These findings demonstrate the role of molecular sieve 
played by Pd@ZIF-8 for selective catalysis. Recycling studies for the Pd@ZIF-8 hollow microspheres 
towards 1-hexene hydrogenation were conducted. The catalyst maintained its activity, with a slight 
drop in the conversion of 1-hexene, with an unchanged morphology after three cycles, with almost 
no aggregation of the PdNPs (Figure 38). 

 
Figure 38. (a) Catalytic performance of PS/Pd composite particles, PS/Pd@ZIF-8 composite particles, 
and Pd@ZIF-8 hollow microspheres for the hydrogenation of 1-hexene, cyclohexene, and cyclooctene 
in the liquid phase. (b) Recycling stability of Pd@ZIF-8 hollow microspheres in the hydrogenation of 
1-hexene. Reproduced with permission from Zhao et al., Langmuir; published by The American 
Chemical Society, 2020. 

Figure 37. SEM image (a) and TEM images (b,c) of the Pd@ZIF-8 hollow microspheres with the diameter
of PdNPs being ca. 7.0 nm. Reproduced with permission from Zhao et al., Langmuir; published by The
American Chemical Society, 2020.

The tuning of the structure of Pd@ZIF-8 hollow microspheres was accomplished by the regulating
effect of the shell thickness of ZIF-8. The PS/Pd composite particles containing smaller sized PdNPs
have shown higher catalytic activity, pointing out the role of PdNPs functions as catalytically active
sites in the composite.
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Pd@ZIF-8 hollow microspheres, PS/Pd, and PS/Pd@ZIF-8 composite particles were assessed for
the hydrogenation of alkenes of different molecular sizes in liquid-phase. Selected data of the catalytic
performance of the materials is presented in Figure 38. The three catalysts demonstrated high activity
for 1-hexene hydrogenation, reaching full conversion, given the small dimensions of this molecule
(2.5 Å), and the absence of diffusional constraints through the pore openings of ZIF-8 shells (3.4 Å).
In the case of cyclohexene (4.2 Å), while the PS/Pd composite yet demonstrated significant activity and
conversion, a dramatic conversion decrease was reported for the PS/Pd@ZIF-8 (13%) and Pd@ZIF-8
(16%) as catalysts, respectively. Although cyclohexene dimensions surpassed the aperture size of ZIF-8,
diffusion of this molecule was still possible, due to the framework flexibility. No visible activity was
observed for the hydrogenation of cyclooctene for the PS/Pd@ZIF-8 composite particles and Pd@ZIF-8
hollow microspheres. However, the PS/Pd composite particles showed 22% of cyclooctene conversion.
Cyclooctene (5.5 Å) is considerably larger than the aperture size of ZIF-8, and therefore, only PS/Pd
composite particles with anchored PdNPs on the surface of PS microspheres have shown catalytic
activity. These findings demonstrate the role of molecular sieve played by Pd@ZIF-8 for selective
catalysis. Recycling studies for the Pd@ZIF-8 hollow microspheres towards 1-hexene hydrogenation
were conducted. The catalyst maintained its activity, with a slight drop in the conversion of 1-hexene,
with an unchanged morphology after three cycles, with almost no aggregation of the PdNPs (Figure 38).
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Figure 38. (a) Catalytic performance of PS/Pd composite particles, PS/Pd@ZIF-8 composite particles,
and Pd@ZIF-8 hollow microspheres for the hydrogenation of 1-hexene, cyclohexene, and cyclooctene
in the liquid phase. (b) Recycling stability of Pd@ZIF-8 hollow microspheres in the hydrogenation
of 1-hexene. Reproduced with permission from Zhao et al., Langmuir; published by The American
Chemical Society, 2020.

Summarizing, we here present an overview of the most significant findings on the catalytic
performance regarding the supported catalysts discussed above towards hydrogenation reactions
(Table 11). Nonetheless, it is important to emphasize that the comparison between reported results is
not straightforward, as the reactions, experimental conditions, and studied parameters can be quite
distinct from case to case.
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Table 11. Selected data for the catalytic activity of PdNPs supported catalysts towards hydrogenation reactions discussed in this review.

Support Catalyst Substrate Major Outcomes Ref.

Silicas Pd-MS-xx-TMB chloronitrobenzenes

The role of TMB as an efficient expanding and structure-directing agent was investigated for the Pd-MS catalysts.
Full conversion of p-CNB with a 99.9% selectivity towards p-chloroaniline was observed for Pd-MS-50-TMB. The
enhanced activity was attributed to the larger porosity and to the morphology of the support, which enhances
mass transfer. TMB catalyst displayed high stability and thermal resistance.

[38]

Silica-based nanotubes
supported PdNPs

α,β-unsaturated
carboxylic acids

Mesoporous silica-based nanotubes with PdNPs uniformly dispersed were obtained. The catalysts afforded >99%
conversion of benzyl alcohol and 89% selectivity to benzaldehyde, as result of the surface
hydrophobic/hydrophilic properties, and nanotube morphology.

[41]

APPd(0)@Si
BPPd(0)@Si

trans-cinnamic acid and
related compounds

Green synthesis of Pd(0) catalysts using modified of reverse phase silica, that facilitated metal anchorage. Effective
catalysts for hydrogenation of various unsaturated olefins, with excellent recyclability. Product yields above 95%
were observed for the hydrogenation of all of the unsaturated esters, ketones, and alcohols in the liquid phase.

[44]

Pd/MCM-41-SiO2
Pd/MCM-41-silatrane

polyunsaturated fatty acid
methyl esters

Rapidly and selective conversion. Pd/MCM-41-silatrane has higher activity. The silica source and the Pd amount
modified the active sites and size distribution of PdNPs determining the catalytic reactivity and selectivity. [45]

Pd/SBA-COOH nitrobenzene A synergistic effect is observed between the SBA-COOH support and its texture for the particle size control and
distribution of PdNPs. Selectivity to nitroaniline reached 100% in all cases. [47]

Carbons PdNPs/RGO nitrobenzene Green in-situ approach using diverse reducing agents. Pd/RGO-salicylic acid exhibited distinct catalytic activity,
affording 100% of nitrobenzene conversion, being reused for two times. [58]

PdNPs/RGO nitroaromatics Green synthesis through reduction of GO and Pd2+ ions using barberry fruit extract. The catalysts afforded
excellent product yield (>95%) for a wide selection of substrates and good catalyst recycling.

[59]

Pd@C/CNT acetylene
Core–shell structure Pd@C NP CNTs-supported benefited from an N-doped carbon, enhancing the stability of
PdNPs, and modifying the electronic structure of PdNP. Pd@C/CNTs presented high selectivity and excellent
stability.

[10]

CPG (composite PdNPs
graphene) nitroarenes

Synthesized by a facile route, catalyst presents excellent activity (product yield >99%) and stability for the
selective reduction of nitro groups with high yields, ascribed to the synergism between the ultrafine PdNPs and
GO support.

[62]

Pd@Hal-Char nitroarenes
The use of a catalytic amount of β-cyclodextrin significantly improved the reaction yield, reaching 100% in the best
case. Hal-Char was more effective as a support than each component individually. PdNPs size and dispersion
affected the catalytic activity.

[63]

Pd@HCh alkynes, alkenes, and carbonyl
and nitro derivatives

Bio-sourced PdNPs supported on chars derivatized with ether linkers containing ammonium groups. The latter
exhibited high activity in hydrogenations of several substrates, with full hydrogenation of alkyne and alkene
substrates. Furthermore, aldehyde and nitro groups were too hydrogenated. The most efficient catalyst was
reused ten times outperforming the commercial catalyst.

[64]



Processes 2020, 8, 1172 35 of 41

Table 11. Cont.

Support Catalyst Substrate Major Outcomes Ref.

Zeolites Pd/ZSM-5-IS p-nitrophenol
In-situ synthesis of Pd/ZSM-5-IS, with highly dispersed and small sized PdNPs, showing high catalytic activity,
with almost full substrate conversion and remarkable recycle stability. Most of PdNPs were confined within
ZSM-5, prevented aggregation and sintering.

[76]

Pd@Beta nitroarenes
The fixation of PdNPs inside Beta zeolite crystals (Pd@Beta) was the key for superior selectivity to the nitro group
(for example, 99% selectivity to 4-amino-acetophenone). The outstanding selectivity of Pd@Beta was due to the
sterically adsorption on the PdNPs controlled by the zeolite micropores.

[67]

Pd@mnc-S1 nitrobenzene
A one-pot method was used for PdNPs encapsulation. Excellent stability and activity were observed for the
catalyst, due to its unique porosity and nanostructure that provided general shape-selectivity for selective
hydrogenation reactions. A conversion of 94% was achieved over Pd@mnc-S1.

[79]

Pd@S-1-OH furfural

A novel approach for selective hydrogenation using a core-shell Pd@S-1 zeolite catalyst with well-regulated
wettability of the zeolite cover. Influence of the hydrophilicity of the microporosity of the zeolite on the diffusion
of various molecules was discussed. Catalysts show outstanding activity, selectivity, and stability in furfural
hydrogenation, showing furan selectivity as high as 99.9% with a complete conversion of furfural.

[81]

Pd@FER 1-hexene
1-phenyl-1-cyclohexene

Remarkable shape-selectivity in the catalytic hydrogenation of different molecular sizes olefins, or steric
hindrance due to nanostructure and microporosity of the catalyst. Full conversion was achieved for 1-hexene. [83]

Pd@Beta
Pd@MWW nitroarenes

Electronic/steric effects were accountable for the catalytic activity, with catalyst being less active for nitroarenes
containing an electron-withdrawing substituent. The ortho isomers are more difficult to reduce due to steric
hindrance effect. Full conversion was observed for 3-nitrotoluene and 3-nitroanisole.

[84]

MOFs Pd@MIL-101
Pd@MIL-53 phenol

The effect of framework structure of Pd@MOFs was studied. MIL-101 was a better support, due to its
mesoporosity and hydrophilicity. Larger PdNPs on the external surface of MIL-53. Both catalysts provided high
selectivity (>98%) to cyclohexanone. The catalysts were recycled 5 times.

[89]

Pd@MIL-100(Fe) nitrophenols
Facile synthesis of Pd@MIL-100(Fe) with uniform morphology and size. The confinement effect leads to high
stability within the MIL-100(Fe). High catalytic activity (conversion > 95%) and reusability due to the synergism
effect amongst PdNPs and MIL-100(Fe).

[95]

Pd(0)-in-UiO_67 styrene and
tetraphenylethylene

Facile and efficient strategy for Pd@MOF catalysts via controllable introduction of Pd precursors prior to MOF
assembly. Catalysts were highly active due to electron donation and confinement effects. High stability and
reusability. Full conversion of styrene was reported.

[97]

Pd@UiO-66-X benzoic acid

Modulation of the surface microenvironment of the MOF via group functionalization and metal substitution. The
activity is assigned to charge transfer processes, and to the adsorption energy of the substrate. Pd@UiO-66-2OH,
which features a moderate adsorption energy and a high Pd electronic state, has shown the highest activity
(>99%). Selectivity to benzyl alcohol was >99% in all cases.

[100]

C@Pd/ZIF-8 olefins
Preparation of ZIF-8 supported C-stabilized PdNPs through an effective strategy. Due to efficient stabilization, the
controlled sized PdNPs can be well dispersed onto the ZIF-8. High activity in the hydrogenation of olefins (95%)
and a satisfactory reuse in 5 cycles.

[102]

Pd@ZIF-8 hollow microspheres alkenes
A green approach for Pd@ZIF-8 hollow microspheres preparation, uniform in size, with good structural stability,
high catalytic activity and size selectivity towards the hydrogenation of alkenes (full conversion for 1-hexene), and
good recycling stability.

[103]
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8. Conclusions

In light of the findings discussed in this review, the immobilization of PdNPs in solid supports
is a hot topic among the research community, especially in catalytic processes. Recent advances
concerning the design and preparation of supported PdNPs have proved that a plentiful diversity of
preparation methodologies and numerous supports with tailored size and distribution contribute to
activity, selectivity, and recyclability of the catalytic systems, overcoming the drawbacks of traditional
synthetic approaches. The development of immobilized PdNPs is unequivocally a significant theme in
the field of nanomaterials. Development in this area will continue in order to combine efforts towards
new facile, in-situ, sustainable, and consistent procedures to allow a practical application in industrial
catalytic processes in the future. In parallel, the use of biomass-derived materials as supports for
PdNPs will most definitely continue to increase, regardless of the many challenges that are posed for
these approaches.
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