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Highly efficient and chemoselective hydrogenation
of α,β-unsaturated carbonyls over Pd/N-doped
hierarchically porous carbon†

Zhongzhe Wei, Yutong Gong, Tianyi Xiong, Pengfei Zhang, Haoran Li and Yong Wang*

Palladium nanoparticles supported on N-doped hierarchically porous carbon, Pd/CNx, has been developed

as a highly efficient, reusable and environmentally benign heterogeneous catalyst for the selective hydroge-

nation of various α,β-unsaturated carbonyls to their corresponding saturated carbonyls under mild conditions

(303 K, 1 bar H2). Complete conversion of a series of α,β-unsaturated carbonyls was achieved with excellent

selectivity (>99%) within 4 h. Moreover, the catalyst can be easily recovered by centrifugation and withstands

recycling up to 8 times without apparent loss of activity and selectivity. The considerable catalytic perfor-

mance is attributed to the hierarchically porous network and incorporation of nitrogen atoms. This catalytic

system opens up an efficient, selective, recyclable and sustainable method for selective hydrogenation.
Introduction

Chemoselective hydrogenation of α,β-unsaturated carbonyls is
fundamentally important as it has extensive applications in the
synthesis of fine chemicals, pharmaceuticals and functional
materials.1–4 The selectivity varies due to the possibility of
hydrogenation of either the CC bond or the CO bond, or
both of them (Scheme 1). The selective hydrogenation of
the CC bond is an important industrial process in which
heterogeneous catalysts, especially supported precious metal
catalysts, have attracted much attention due to the ease of their
separation and recycling together with their outstanding
performances.5–7 Supported palladium catalysts are widely
used for the reaction. For example, Kantam et al. reported
that layered double hydroxide-supported Pd was used as a
heterogeneous catalyst for olefinic bond hydrogenation with
high selectivity.8 85%–97% yield was achieved by Bandoo et al.
for the hydrogenation of CC bond in functional conjugated
alkenes over polysiloxane-encapsulated Pd nanoclusters.9

Bhanage et al. also applied a polymer-supported catalytic
system, polymer-supported Pd-N-heterocyclic carbine, for
the chemoselective conjugate reduction of α,β-unsaturated
carbonyls at 100 °C.10 The advantages of both homogeneous
and heterogeneous catalysts were achieved when supported
catalysts with the aid of ionic liquids were used in the selective
reduction of the CC bond.11–14 To get better performance
from catalysts, the use of additives is sometimes inevitable.
The use of Pd/C together with various additives like pyridines,
amines and diphenylsulfide, which resulted in the selective
hydrogenation of the CC bond, has been reported.15

Bimetallic catalysts have also received intense interest because
of a possible synergistic effect which makes selective hydroge-
nation reactions easier. Xu and co-workers disclosed that a
small amount of fully dispersed Pt entities loaded on Au nano-
particles provided dramatic activity enhancement for the
chemoselective hydrogenation of α,β-unsaturated carbonyls.16

A similar effect was also illustrated in Ni/TiO2 doping with a
tiny amount of Ir for the hydrogenation of cinnamaldehyde
(CAL) to hydrocinnamaldehyde (HCAL) under 2 MPa H2 at
80 °C.17 Li et al. applied water-soluble PtxNi1–x (0 < x < 1)
to the hydrogenation of the CC bond in benzalacetone,
and obtained an excellent yield.18 Despite all of these
well-established methodologies, the development of a highly
effective, selective and environmentally benign heterogeneous
catalyst usable under mild conditions is highly desirable.

In the construction of heterogeneous catalysts to selectively
reduce the CC bond in α,β-unsaturated carbonyls, Pd is
conventionally used as the catalytic center, which is confirmed
by experimental results8,19,20 and theoretical work.21–23

It is well recognized that the nature of the support has a sig-
nificant effect on the activity and selectivity behavior of the
Catal. Sci. Technol.
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catalysts.24,25 The catalytic activity of a heterogeneous catalyst
can be enhanced by suitably controlling and selecting
the support.26 Hence, the choice of support is vital. Carbon
materials, including activated carbon, carbon nanofibers,
hydrophilic carbon, etc., are good supports for heterogeneous
catalysts because of their specific properties.27–30 Commercial
Pd/C can catalyze the selective hydrogenation of CAL, but the
apparent rate of the reaction is low and the selectivity towards
HCAL remains poor.27,31 This could be explained by the fact
that activated microporous carbon materials may depress the
mass transport of molecules because of the space confinement
imposed by small pore sizes.32 To overcome these limitations,
efforts have been directed towards mesoporous carbon mate-
rials, especially hierarchically structured porous materials.33

Thanks to the much reduced diffusion restriction for mole-
cules in mesoporous structures and the greatly shortened diffu-
sion distances in the channels, catalysts with hierarchically
porous structures exhibit high catalytic behavior.34 However,
noble metals deposited on carbons easily leach during catalytic
processes because the interaction between the metal nano-
particles and the carbon surface is always weak, and hence
modification of the carbon is necessary.35 In this respect,
doping the carbon with heteroatoms is regarded as an impres-
sive strategy. Nitrogen-doped carbon materials have attracted
worldwide attention recently due to having an even wider range
of applications than carbon materials, such as oxygen reduc-
tion reactions,36 catalyst support,37 etc. The incorporation of
nitrogen atoms may not only enhance the electronic density of
supported metal nanoparticles, but may also provide more
structural defects.

Very recently, we successfully designed fascinating N-doped
carbon (CN) materials with hierarchical structures from
glucose using a hydrothermal carbonization procedure, which
is a green and sustainable process.37,38 In the search for
a suitable catalyst for the chemoselective hydrogenation of
α,β-unsaturated carbonyls, we anticipated that Pd/CN could
exhibit an interesting catalytic activity due to the hierarchically
porous structure of the CN and the special catalyst support–
metal heterojunction. Herein, we employed Pd/CN as an
efficient catalyst for the selective hydrogenation of the CC
bond using benign H2 as the reduction agent. The activity of
the catalyst under different reaction conditions, the hydroge-
nation kinetics, and the recycling of the catalyst as well as
the substrate scope were explored.

Experimental section
Materials and methods

Unless otherwise stated, all solvents and chemicals used were
of commercially available analytical grade and used without
further treatment. The surface areas of CN and catalyst
Pd/CN were determined using an AUTOSORB-1 instrument.
The BET equation was used to calculate the surface area and
pore volume. X-ray power diffraction (XRD) data was collected
using an Ultima TV X-ray diffractometer with Cu Kα radiation
(1.54 Å). X-ray photoelectron spectroscopy (XPS) was carried
Catal. Sci. Technol.
out using an ESCALAB MARKII spherical analyzer with an
aluminum–magnesium binode (Al 1486.6 eV, Mg 1253.6 eV)
X-ray source. Transmission election microscopy (TEM) char-
acterization was carried out on a Hitachi HT-7700 micro-
scope. High-resolution TEM (HRTEM) was performed on a
Tecnai G2 F30 S-Twin at an acceleration voltage of 300 kV.
The particle morphology was visualized by scanning electron
microscopy (SEM) using a Gemini scanning electron micro-
scope. The elemental analysis was carried out on a Vario El
elemental analyzer. The Pd content was determined using a
PerkinElmer Optima OES 8000.

Preparation of catalysts

Synthesis of the support material CNx: 9.0 g D-glucose, 1.2 g
additive (poly(ionic liquid)s)39 and 0.75 g Borax were dissolved
in 30 mL water. The mixture was loaded into a PTFE lined
autoclave and treated at 200 °C for 8 h. The resulting black
solid was filtered and washed several times with deionized
water and ethanol. Then, the solid material was carbonized at
550 °C (heating rate: 3 K min−1, holding time: 4 h) under an
inert N2 atmosphere. After cooling to the room temperature,
the black carbon material can be obtained. The process to
synthesize spherical carbon without nitrogen (Cs) was almost
the same as for CNx, but in absence of poly(ionic liquid)s.

Synthesis of the supported palladium catalysts: we synthe-
sized 1.5% Pd/CN and 1.5% Pd/Cs using an ultrasound-
assisted deposition method.40 1.5% Pd/MgO and 1.5%
Pd/TiO2 were prepared by wet impregnation according to the
literature.41

Typical procedure for selective hydrogenation and recycling

In a typical reaction, 104.2 mg (0.5 mmol) chalcone, 10 mg
Pd/CNx and 5 mL ethanol were precharged in a three-neck
flask. The flask was purged with H2 three times to remove
the air, and the mixture was then magnetically stirred at
1000 rpm under 1 bar of H2 at room temperature. After the
reaction, the contents of the mixture were separated and
analyzed by GC (using a Shimadzu GC-2014 equipped with a
Rtx-1071 column). Phenethyl phenylketone was used as an
internal standard. The catalyst used above was recovered by
centrifugation, washed 3 times with ethanol and dried at
80 °C overnight, then used for the next run without any further
treatment. In order to obtain the intrinsic kinetic data, the
reaction was controlled to give low conversion of chalcone.

Results and discussion
Catalyst characterization

Elemental analysis indicated that the mesoporous N-doped
carbon (denoted as CN,) had a N/C atom ratio of about 0.062
(Table S1†). SEM and TEM images of the CN and Cs demon-
strated a hierarchically porous network with well-dispersed
spherules (Fig. 2a, Fig. S1, S2†). The textural properties of the
CN and Pd/CN were measured using N2 adsorption–desorption
analysis (Fig. 1a). Application of the BET model resulted in a
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 (a) N2 adsorption–desorption isotherms and (b) XRD patterns of
the parent CN and the Pd/CN.
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surface area of 424 m2 g−1 for the CN. The pore size analysis
from nitrogen adsorption by application of density functional
theory (DFT) is displayed in Fig. S3.† The pores in the CN have
a well-defined micro-mesopore size distribution. The surface
area decreased after loading with Pd nanoparticles, but still
had a considerable value of 193 m2 g−1, suggesting that most of
the pores were still accessible. The structures of the CN and
Pd/CN were investigated using XRD and the patterns are shown
in Fig. 1b. A broad diffraction peak at around 25° and a weak
reflection around 44° were observed for the CN and are
ascribed to the (002) and (100) reflections of the graphite-type
lattice. The diffraction peaks at 40.0°, 46.6° and 68.1° in the
XRD pattern could be assigned to the (111), (200) and (220)
planes of the Pd nanoparticles, respectively.

The morphologies of the Pd/CN composite materials
were also unambiguously characterized using TEM. The TEM
This journal is © The Royal Society of Chemistry 2014

Fig. 2 (a) SEM image of the N-doped carbon material, CN. (b) TEM imag
of Pd/CN.
images evidenced the high and homogeneous dispersion of
spheroidal Pd particles with a mean size of 3.2 nm (Fig. 2b).
Pd nanoparticles with well-defined lattice fringes in the
HRTEM image confirmed the (111) crystal plane of Pd, as the
crystal plane spacing was measured as 0.220 nm (Fig. 2c). To
obtain further insight into the structure of the catalyst, XPS
investigations were conducted. The Pd 3d XPS spectra in
Fig. 2d consist of two asymmetric peaks assigned to the Pd
3d5/2 and Pd 3d3/2 core levels, which can be fitted using two
doublets. The peaks around 335.7 and 340.9 eV were attributed
to metallic Pd0, while those around 337.7 and 343.0 eV corre-
spond to Pd2+ species. The percentage of the Pd0 and Pd2+

species was calculated from the relative areas of these peaks,
which indicated that Pd0 was the main metal species on the
surface of the as-prepared catalyst (~75%). The amine groups
in the carbon carrier are suitable for stabilizing the highly
dispersed Pd0 nanoparticles and prevent their oxidation.

Catalytic hydrogenation

To illustrate the usefulness of the nanohybrid catalyst Pd/CN,
we use chemoselective hydrogenation of chalcone at room
temperature under 1 bar of hydrogen pressure as a model
reaction.

Effect of solvents

Solvents play a critical role in heterogeneous catalytic
hydrogenation and may alter the product distribution.42,43
Catal. Sci. Technol.

e and particle size distribution, (c) HRTEM image and (d) XPS spectra
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Fig. 3 (a) The time–activity profile under different temperatures.
Reaction conditions: chalcone (0.5 mmol), Pd (0.28 mol% relative to
substrate). (b) Temperature dependence of the rate of reaction in the
Arrhenius coordinates for Pd/CN. Reaction conditions: chalcone
(1 mmol), Pd (0.28 mol% relative to substrate), CH3CH2OH (5 mL),
H2 (1 bar pressure).
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Consequently, the influence of different solvents on the reac-
tion was given priority in the investigation.

Table 1 presents the corresponding conversions and selec-
tivities at 35 °C and 1 bar H2 over Pd/CN, along with the
physical and chemical properties of the solvents used includ-
ing polarity and solubility of H2. Although the mechanistic
basis of the solvent influence on the heterogeneous hydroge-
nation is not clear, some conclusions have been rationalized
by correlating the reaction rate and selectivity with H2 solu-
bility or solvent polarity. However, in our reaction system, we
could readily achieve conversions of chalcone in the range
88–100%, with >99% selectivities toward dihydrochalcone in
the various solvents listed in Table 1, which was not corre-
lated with either the H2 solubility or solvent polarity. This
phenomenon was also observed in the chemoselective hydro-
genation of quinoline.44 Though chalcone is insoluble in
water, we could also get a similar activity to those in other
solvents. Doping with N atoms increased the hydrophilic
property of the catalyst, which may enhance the catalyst dis-
persion in water and improve the exposure of the catalyst to
the substrate, thereby increasing the catalytic performance.
Among the solvents, both toluene and ethanol gave the
highest activity. Considering the toxicity of toluene, we
selected ethanol as the reaction medium in the subsequent
research. It is also a cheap and versatile medium.
Effect of reaction temperature

Variation of the reaction temperature had a considerable
effect on the reaction conversion, as illustrated in Fig. 3a.
Complete conversion was achieved with excellent selectivity
within 1.7 h at an ambient hydrogen pressure and 35 °C. The
reaction was accelerated at higher temperature without any
loss of selectivity. For example, full conversion in 1.2 h was
achieved at 45 °C with a high selectivity (>99%). However,
even at a low temperature of 25 °C, outstanding performance
(>99% yield) could be achieved after a slightly longer
reaction time of 3 h. The smooth completion of the
chemoselective hydrogenation under mild conditions may
provide the possibility for industrial applications.

Straight lines can be fitted at different temperatures using
the data in Fig. 3a (conversion below 45%), indicating that
Catal. Sci. Technol.

Table 1 Effect of solvents on the selective hydrogenation of chalconea

Entry Solvent Conv.b (%) Sel.b (%) δc pd

1 Toluene >99 >99 2.75 2.4
2 Dioxane 88 >99 1.95 4.8
3 Ethanol >99 >99 3.43 4.3
4 DMF 90 >99 — 6.4
5 Acetonitrile 95 >99 — 6.2
6 Water 93 >99 0.81 10.2

a Reaction conditions: chalcone (0.5 mmol), Pd (0.28 mol% relative to
substrate), solvent (5 mL), temperature (35 °C), H2 (1 bar pressure),
time (2 h). b Determined by GC and GC-MS. c Solubility of H2

(10−3 mol L−1, taken from Hydrogen and Deuterium; C. L. Young;
Pergamon Press: Oxford, U.K., 1981). d Solvent polarity.
the reaction is zero-order in chalcone when below 45% con-
version (Fig. S4†). The influence of temperature on the kinet-
ics of the reaction was studied at 25, 35, 45, and 55 °C. To
determine the activation energy of the hydrogenation reac-
tion, the data was obtained at low conversions. Based on the
linear fit of the Arrhenius plot in Fig. 3b, the apparent activa-
tion energy (Ea) was found to be 38.3 ± 1.7 kJ mol−1, which is
consistent with its high catalytic activity, suggesting an easily
initiated reaction.
The comparison of various catalysts

To further study the effect of the support, the Pd/CN catalyst
was compared with several other catalysts including Pd/Cs,
Pd/TiO2, and Pd/MgO under identical conditions (Table 2).
The textural properties of the different catalysts are listed in
Table S2.† Among the different catalysts, Pd/CN was found to
give the most active system (Table 2, entry 1). Oxide-
supported Pd nanoparticles were not effective for this reac-
tion, affording the target product in lower yields (Table 2,
entries 3 and 4). The reasons for this may arise from the
uneven distribution of active positions of Pd on the inorganic
oxide surface. Particularly worth mentioning was that the per-
formance of Pd/Cs was almost as good as Pd/CN (Table 2,
entry 2), which may be attributed to the fast diffusion of the
reactant or product in the hierarchically porous networks
with well-dispersed small spherules of Cs and CN. Taking
into account the above results, a conclusion may be drawn
that the nature of the support has a marked influence on the
activity of Pd catalysts for this reaction.
This journal is © The Royal Society of Chemistry 2014

Table 2 Catalytic results for different catalystsa

Entry Catalyst Conv.b (%) Sel.b (%) TOF (h−1)

1 Pd/CN >99 >99 238.1
2 Pd/Cs 91 >99 216.7
3 Pd/TiO2 10 >99 23.8
4 Pd/MgO 31 >99 73.8

a Reaction conditions: chalcone (0.5 mmol), Pd (0.28 mol% relative to
substrate), CH3CH2OH (5 mL), temperature (35 °C), H2 (1 bar pressure),
time (1.5 h). b Determined by GC.
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Reaction kinetics

Mass transfer can play an important role in liquid phase
hydrogenations using porous catalysts.45 Therefore, it is
necessary to make sure that mass effects are ruled out before
obtaining reliable kinetic data.46 To check the true reaction
kinetics were not controlled by any of the diffusion processes,
a range of different catalyst masses were used to measure the
conversion and the stirring speed was varied from 500 to
1000 rpm. No obvious difference in the rates of reaction at
various stirring speeds could be observed.

The straight line shown in Fig. 4 also elucidated that
external diffusion was not rate-limiting under the reaction
conditions. On the other hand, based on the very small
particles of the catalyst used, the role of internal diffusion
was estimated to be insignificant. Overall, the smallest
catalyst particle size and highest stirring speed (1000 rpm) were
adopted to minimize the possibility of mass transfer effects.

The overall rate of this reaction can be given by the

following equation: r k Pn m  c H2
, where k is the overall rate

constant, n is the order with respect to chalcone and m is the
order corresponding to hydrogen. The reaction orders n and
m were determined using double logarithmic plots of the
initial TOF (TOF = [moles of reactants reacted] / [(moles of
metal used) × (reaction time)]) against chalcone concentra-
tion or H2 pressure. As can be seen in Fig. 5a, the TOF
remained static as the initial chalcone concentration was
increased from 0.1 to 1.0 M, indicating a typical characteristic
of a zero-order reaction with respect to chalcone. This conclu-
sion coincides with Fig. 3a, namely, the reaction is zero-order
in chalcone when below 45% conversion. The zero-order reac-
tion with respect to chalcone implies a surface largely covered
with reactive hydrocarbon intermediates.47 Over a hydrogen
pressure range of 2–15 bar, the initial TOF showed a lower
This journal is © The Royal Society of Chemistry 2014

Fig. 4 The catalytic activity of 1.5% Pd/CN as a function of catalyst
mass, at 35 °C and 1 bar H2, 0.5 h reaction time.

Fig. 5 Dependence of initial TOF on chalcone concentration (a) and
H2 pressure (b) for chalcone hydrogenation on Pd/CN.
exponential dependence on PH2
of 0.38 (see Fig. 5b). As a

result, a power law rate expression was derived: r k P  c H
0 0 38

2

. .

The reusability of the catalyst

For recycling studies, chemoselective hydrogenation of chalc-
one was conducted whilst maintaining the same reaction
conditions as before, but using the recovered catalyst. We
tested the catalytic activity of Pd/CN and Pd/Cs in successive
runs and compiled the results in Fig. 6. To our delight, Pd/CN
was recycled up to 8 times with little loss of activity, which is
a prerequisite for practical applications. Nevertheless, the Pd/Cs
displayed a noticeable inactivation during the recycling, indeed
only giving a 24% conversion at the third cycle.

The TEM images of the Pd/CN after 8 cycles revealed a
particle size of ~3.5 nm, almost the same as that of the fresh
catalyst (Fig. S5†), which indicated that it was aggregation-free
after reuse. The slightly decreased activity of the Pd/CN was
primarily due to minor metal leaching (as shown in Table S3†)
during the separation and purification operations. A hot filtra-
tion experiment indicated that the leached species in the
filtrate made no difference to the conversion of chalcone
(Fig. S6†). Though the mean particle size of the reused Pd/Cs
remained about the same as that of the fresh catalyst
(Fig. S5†), the palladium content declined dramatically to
0.82 wt% from 1.29 wt% in the third cycle, leading to the
conspicuous loss in activity.

Notably, the palladium content of the Pd/Cs dropped
faster than that of Pd/CN, which was ascribed to the versatile
nitrogen in the catalyst support. XPS spectra suggested that
the nature and the content of the nitrogen species in the
surface of the fresh and recycled catalyst are almost the same
(Fig. S7†). As nitrogen is strongly electronegative and usually
has a lone pair of electrons, the nitrogen functionalities on
the surface might act as Lewis base sites and are expected to
be more effective in retaining metal nanoparticles. Simulta-
neously, the N-doped carbon material enriches the electron
density of the metallic Pd and accelerates the reaction as
compared to Pd/Cs.

The possible reaction mechanism

More studies have focused on the reaction pathway and
mechanism with acrolein and crotonaldehyde. Though there
are no similar studies for chalcone, some generalizations can
be made based on the experimental data and the theoretical
results that have been reported. The extended Hückel calcula-
tions suggest that the narrower the width of the metal d-band,
the greater the interaction of the metal surface with the conju-
gated olefinic bond compared to the carbonyl bond (width of
the metal d-band: Pd < Pt < Os).21 DFT calculations48 and an
HREELS study49 have shown that maleic anhydride interacts
with the Pd (111) surface via the CC bond. On the other
hand, the CC bond may be adsorbed almost parallel to the
metal surface because the mean particle size of Pd is as small
as 3.2 nm. Presumably, the close interaction between Pd and
Catal. Sci. Technol.
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Fig. 6 (a) Reuse of Pd/CN and (b) reuse of Pd/Cs. (35 °C, 2.5 h).

Table 3 Selective hydrogenation of various α,β-unsaturated carbonylsa

Entry Substrate Product Time (h)
Yield.
(%)b

TOF
(h−1)

1 0.5 >99 714.2

2 4 >99 89.2
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the CC bond benefited the high catalytic performance in
our system. More importantly, the hierarchically structured
porous materials may modify the adsorption properties of the
metal surface itself and can provide large surface areas for
reaction, interfacial transport, or dispersion of active sites at
different length scales of pores, and can shorten diffusion
paths or reduce the diffusion effect.33 Scheme 2 illustrates the
proposed step sequence of the chemoselective hydrogenation
process. In the initial step, the substrate interacts with the Pd
surface via the CC bond and H2 is dissociated from the
electronically supported Pd. Subsequently, the CC bond
is selectively hydrogenated by the attack of the activated
hydrogen atoms. Because of the rapid diffusion pathways and
shortened diffusion paths in the hierarchical mesoporous
channels, the formed saturated carbonyls leave the surface of
the catalyst quickly, being replaced by a new molecule and
avoiding further hydrogenation to a saturated alcohol.
3 2 >99 178.6

4 2.5 >99 160

5 0.5 >99 714.2

6 0.5 >99 714.2

7 0.5 >99 714.2
Catalytic performance for various α,β-unsaturated carbonyls

The general scope of the Pd/CN was tested in the reduction
of a series of α,β-unsaturated carbonyls with the results
summarized in Table 3. Gratifyingly, full conversion was
achieved in all cases, and the selectivities towards the corre-
sponding products were excellent (>99%). Apart from simple
α,β-unsaturated aldehydes such as butenal and citral (Table 3,
entries 1–2), α,β-unsaturated ketones, like benzalacetone and
chalcone, were also selectively reduced (Table 3, entries 3–4).
Furthermore, remarkable chemoselectivity was demonstrated
Catal. Sci. Technol.

Scheme 2 Possible reaction mechanism of the selective
hydrogenation process over Pd/CN.
in the hydrogenation of the CC bond in the presence of
other reducible groups, such as ester, carboxyl, amino and
nitrile groups, at room temperature with 1 bar hydrogen
pressure (Table 3, entries 5–9). In view of the results, it
appeared that steric effects imposed by substituent groups
on the C atoms in the CC bond did not have an influence
on the intramolecular selectivity, which was exactly in line
with the conclusion reported by Utpal K. Singh et al.50
This journal is © The Royal Society of Chemistry 2014

8 0.5 >99 714.2

9 2 >99 178.6

a Reaction conditions: substrate (0.5 mmol), Pd (0.28 mol% relative to
substrate), CH3CH2OH (5 mL), 30 °C, H2 (1 bar pressure). b Determined
by GC and GC-MS.
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Conclusions

In summary, the Pd/CN shows distinctly high catalytic activity
in the chemoselective hydrogenation of the CC bond of
various α,β-unsaturated carbonyls under mild conditions
(303 K, 1 bar H2). It can be reused 8 times without significant
loss of catalytic activity and selectivity, which is much better
than Pd/Cs. The considerable catalytic performance stems
from the hierarchically porous network and incorporation
of nitrogen atoms. The hierarchically porous network and
mesoporous character enormously inhibit the limitation
of mass transfer of the reactant to the active sites, promote
the free diffusion of molecules and shorten the diffusion
distances in the channels. The introduction of nitrogen
atoms leads not only to a very stable and uniform dispersion
of Pd but also to additional electronic activation of the metal
nanoparticles. This synthesis strategy (by modulation of pore
structure and introduction of heteroatoms in the catalyst
support) can open routes for the design of many more
powerful catalysts.
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