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hydrogenation†
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and Lidong Shao*a

In this work, palladium nanoparticles supported on 3D porous carbon frameworks (Pd/PCFs) were used in the

selective hydrogenation of phenylacetylene. Catalytic tests conducted in a continuous-flow reactor coupled

with theoretical calculations, HPLC and characterizationmethods helped to elucidate the structural origins of

the observed selectivity patterns. A 62% selectivity towards styrene with a 93% conversion was observed in the

hydrogenation of phenylacetylene at 20 �C and 3 bar for a hydrogen flow rate of 12 mL min�1 and a reaction

liquid flow rate of 0.9 mL min�1. Commercially available Pd-based reference catalysts were tested under the

same conditions in phenylacetylene hydrogenation, and the performance of 3 wt% Pd/PCFswas substantiated

by studying the geometrical structure of PCFs and the stability of supported Pd nanoparticles under reaction

conditions.
Introduction

The selective hydrogenation of carbon–carbon triple bonds to
double bonds is widely used in commodity chemical production,
as well as for the synthesis of ne and specialty chemicals.1,2 In
styrene polymerization, phenylacetylene is an unwanted feed-
stock that can deactivate catalysts.3–5 Hence, phenylacetylene
hydrogenation is oen used as a model system for evaluating
alkyne hydrogenation catalysts, being of both industrial and
scientic interest. However, nding new approaches to the
synthesis of highly efficient and selective hydrogenation catalysts
is still challenging.6

Numerous heterogeneous metal catalysts exhibit high activity
in the hydrogenation of carbon–carbon double and triple bonds.
Noble transition metals such as Pd, Pt, Au, Ru, and Rh have been
used as catalysts for phenylacetylene hydrogenation.7–11 Among
them, Pd loaded on different kinds of supports, such as silica,
carbon, and alumina, has been reported to give relatively high
phenylacetylene conversion in the range of 50–60% under mild
conditions at temperatures of 298–353 K.12 Besides the active
species, the supporting material is also a factor of great impor-
tance, since its interaction with the active species may greatly
ection and Advanced Materials in Electric
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inuence the properties of the resulting catalysts.13,14 Lots of
novel nanostructured carbon-based materials with unparalleled
unique physical and chemical properties have been discovered
(e.g., carbon nanospheres, carbon nanobers, carbon nanotubes,
carbon nanosheets, graphene and fullerene) and they have
played important roles in catalysis.15,16 Among the various sup-
porting carbon materials, porous carbon materials with hierar-
chical pore structure, large pore volume, tuneable surface
chemistry, good electrical conductivity, facile mass transport
property and excellent chemical stability are viewed as promising
materials for efficient catalysis.17,18

Nowadays, the development of low-cost, scalable, economi-
cally attractive and sustainable carbon materials based on
renewable and highly abundant resources is extremely impor-
tant.19 Herein, a feasible, simplied and productive synthesis
procedure to produce 3D porous carbon frameworks (PCFs) with
porous structure and morphology by one-step NaOH-assisted
treatment of acetone is proposed here (Fig. 1). Sodium
hydroxide (8 g) was mixed with acetone (40mL) under stirring for
1 h. Aer 120 h, the colour of themixture changed to dark brown,
and the liquid acetone was transformed into solid products.
Subsequently, the solid products without washing and purica-
tion can be transformed into PCFs through calcining at 600 �C
under He atmosphere. A possible NaOH-assisted mechanism for
the formation of PCFs from acetone was proposed in our
previous research.20 Moreover, the produced PCFs were success-
fully applied as supports for Pd-based catalysts in selective phe-
nylacetylene hydrogenation under low temperatures for the rst
time, exhibiting improved catalytic performance with enhanced
stability.
RSC Adv., 2017, 7, 15309–15314 | 15309
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Fig. 1 Schematic diagram depicting the preparation of PCFs and Pd/PCFs.
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Results and discussion

In the present work, palladium nanoparticles supported on
porous carbon frameworks (Pd/PCFs) were prepared by impreg-
nation. The actual loadings of the catalysts were 3.051 wt%, as
measured by inductively coupled plasma optical emission spec-
trometer (ICP-OES). Commercially available catalysts featuring
palladium on charcoal (3 wt% Pd/C) and the conventional Lin-
dlar catalyst with a 5 wt% Pd loading were tested for comparison.
Structural and surface analyses were conducted for both the fresh
and used catalysts to evaluate their catalytic properties in phe-
nylacetylene hydrogenation and study the supporting effect of
PCFs.

The morphology and microstructure of the obtained PCFs
were characterized by scanning electron microscopy (SEM), as
shown in Fig. 2(a), which displays the shape of the shaggy and
porous carbon frameworks composed of interconnected and
distorted nanosheets. The as-prepared PCFs exhibit coral-like
morphology with numerous micron-sized and nanoscale pores.
Evident micron-sized holes are spread around the surfaces and
the interior of the carbon frameworks. The porous structure of
PCFs was further conrmed by TEMmeasurements. As shown in
Fig. 2 (a) SEM images of fresh PCFs. (b) TEM images of fresh PCFs. (c
and d) TEM images of fresh Pd/PCFs catalysts. The inset in (c) shows
the size distribution of palladium nanoparticles.

15310 | RSC Adv., 2017, 7, 15309–15314
Fig. 2(b), PCFs feature a three-dimensional interconnected pore
system and exhibit an irregular wrinkled structure with curved
carbon nanosheets. TEM images of palladium nanoparticles
dispersed on the fresh Pd/PCFs catalysts are shown in Fig. 2(c)
and (d), showing well-distributed palladium nanoparticles
around 3–16 nm uniformly supported on the PCFs.

The specic surface area and pore size distribution of the
PCFs were quantied by nitrogen adsorption/desorption studies.
As seen in Fig. S1,† the isotherms for the PCFs are of type II with
associated H3 type hysteresis loop, reecting the macroporous
and/or large-mesoporous nature, although micropores are also
present.21 The BET specic surface areas are estimated to be
258.8 m2 g�1 for the PCFs prepared at 600 �C. Furthermore, the
PCFs exhibited a rather broad pore size range from 5 to 130 nm
(inset), suggesting the formation of a disordered coral-like mes-
oporous structure, which is consistent with results from SEM
measurements.

Catalytic tests were performed in a continuous-ow reactor
(ThalesNano H-Cube Pro™) that could be efficiently operated at
steady state, offering several advantages for industrial imple-
mentation.22 The optimum conditions of selective phenyl-
acetylene hydrogenation for Pd/PCFs catalysts were studied by
orthogonal experiments (Table S1†) at various temperatures
(20–35 �C), pressures (0–10 bar), and liquid ow rates (0.3–0.9
mL min�1) and H2 ow rates (3–60 mL min�1); and the effect of
temperature, pressure, H2 ow rate and reaction liquid ow rate
on the conversion of phenylacetylene and selectivity to styrene
can be seen in Fig. S2 and S3† respectively. The conversion of
phenylacetylene and the selectivity of styrene formation at the
optimum conditions (T¼ 20 �C, P¼ 3 bar, H2 ow rate ¼ 12 mL
min�1, reaction liquid ow rate ¼ 0.9 mL min�1) are shown in
Fig. 3. An average conversion of 93% with a 62% selectivity
towards styrene were obtained for Pd/PCFs. Compared to Pd/
PCFs catalysts, commercial Pd/C suffered from the over hydro-
genation of styrene to ethylbenzene during selective liquid-
phase hydrogenation under the same reaction conditions;
moreover, no selectivity was achieved. The conventional Lindlar
catalyst showed a conversion of 51% and a 75% selectivity to
styrene with the same content of Pd. Thus, the Pd/PCFs catalysts
showed the better catalytic performance at the same Pd loading
in phenylacetylene hydrogenation. Fig. 3 shows that aer a 2 h
reaction, no obvious change of activity and selectivity was
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The catalytic performance of Pd/PCFs and Pd/C in selective
phenylacetylene hydrogenation.

Fig. 4 XRD patterns of (a) Pd/PCFs before and after the 2 h reaction,
(b) Pd/C catalysts before and after the reaction.
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observed for Pd/PCFs and Pd/C. To further evaluate the stability
of the Pd/PCFs catalysts, as shown in Fig. S4,† a longer catalytic
experiment for 10 h was performed. All these results demon-
strate that the Pd/PCFs catalysts are relatively stable during the
process of selective phenylacetylene hydrogenation.

X-ray diffraction (XRD) analyses of Pd/PCFs and Pd/C were
carried out to obtain information on the crystallographic
structure of these palladium nanoparticles. Fig. 4(a) shows the
XRD patterns of both fresh Pd/PCFs and used Pd/PCFs catalysts
aer two hours reaction. The broad peaks at�25� correspond to
the (002) planes of low-graphitized carbonaceous structure can
be observed, indicating that the porous carbon materials are
disordered or amorphous.21 Sharp well-dened diffraction
peaks were also observed at 2q ¼ 40, 46, 68, and 82�, attributed
to the (111), (200), (220), and (311) planes of the face-centred
cubic (fcc) crystal structure of palladium, respectively.23

The average size of palladium nanoparticles (d) was esti-
mated using the Scherrer's equation (eqn (1)) for the (111) peak
at 2q ¼ 40� aer background subtraction:

d ¼ kl/(b cos q) (1)

where k is a coefficient, generally taken as 0.9, l is wavelength of
X-ray radiation (1.5418 Å), b is the full width at half maximum
(FWHM) measured in radians, and q is the angle measured for
This journal is © The Royal Society of Chemistry 2017
the position of palladium peaks. The average palladium nano-
particle diameter calculated from the FWHMof the Pd (111) peak
for the fresh Pd/PCFs catalyst is 15.9 nm, equalling 14.6 nm for
the used catalyst. The XRD pattern of Pd/C is shown in Fig. 4(b);
in addition to the strong (002) peak at �25�, the pattern also
showed peaks at 45�, ascribed to the (101) plane of graphite. This
conrmed that the structure of the Pd/C catalyst is intermediate
between that of the disordered amorphous carbon phase and the
highly ordered graphitic phase.23 However, the palladium nano-
particles supported on the carbon were too small to be detected
by XRD, resulting in no evident diffraction peaks of palladium.

Raman spectroscopy is the most efficient way for providing
quick and easy structural and qualitative characterization of
carbon materials. Fig. 5 shows the Raman spectra of the fresh
and used catalysts samples, demonstrating the disorder and
defects of the carbon structure as well as the presence of
amorphous carbon. The qualitative analysis of carbon nano-
structures, based on the intensity ratio of the D band and G
band (ID/IG), reveals the in-plane crystallite dimensions and the
amount of in-plane and edge defects in the above materials. The
ID/IG ratios of fresh PCFs, fresh Pd/PCFs and used Pd/PCFs are
0.90, 0.92 and 0.93 respectively. The similar peak positions and
ID/IG values observed for PCFs (0.92–0.93) imply that these
samples possess similar degrees of graphitization, while the ID/
IG ratios of both fresh and used Pd/C equal 1.22.
RSC Adv., 2017, 7, 15309–15314 | 15311
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Fig. 5 Raman spectra of (a) fresh PCFs, (b) fresh Pd/PCFs catalysts, (c)
used Pd/PCFs catalysts, (d) fresh Pd/C catalysts, (e) used Pd/C
catalysts.
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Fig. 6(a) and (b) shows the TEM images of fresh and used Pd/
PCFs respectively, with no obvious structural difference
observed between them. The Pd/PCFs catalysts aer hydroge-
nation did not have signicant changes in size of palladium
nanoparticles and maintaining a good distribution. Fresh Pd/C
catalysts exhibited highly dispersed palladium nanoparticles on
the carbon surface with an average diameter of 2–3 nm, as
shown in Fig. 6(c). However, used Pd/C catalysts aer hydro-
genation featured palladium nanoparticles with a larger average
size, possibly due to the accumulated carbonaceous deposition
and leaching of the Pd/C catalysts, as shown in Fig. 6(d).

To clarify the chemical state of palladium nanoparticles
anchored on the catalyst samples, we carried out X-ray photo-
electron spectroscopy (XPS) measurements to characterize the
surface and near-surface properties of both fresh and used
catalysts. Fig. 7(a) shows the tted Pd 3d core-level XPS spectra
of fresh Pd/PCFs, with the Pd(0) 3d5/2 core electron binding
energy equalling 335.5 eV. This binding energy value is in good
agreement with that reported XPS data for monometallic
Fig. 6 (a) TEM images of the fresh Pd/PCFs catalysts. (b) TEM images
of the used Pd/PCFs catalysts. (c) TEM images of the fresh Pd/C
catalysts. (d) TEM images of the used Pd/C catalysts.

15312 | RSC Adv., 2017, 7, 15309–15314
palladium nanoparticles. Compared to the spectra of fresh Pd/
PCFs, the Pd(0) 3d5/2 binding energy of fresh Pd/C in Fig. 7(b) is
clearly shied to 337.3 eV. As the size of the nanoparticles
decreases, the Pd 3d peak undergoes a positive binding energy
shi. Comparison of the spectra of reacted Pd/PCFs in Fig. 7(c)
with that of fresh Pd/PCFs in Fig. 7(a) clearly indicates that the
interfacial interactions between Pd(0) and PCFs are relatively
stable during catalysis. However, the spectra of fresh Pd/C in
Fig. 7(b) and used Pd/C in Fig. 7(d) show a clear Pd(0) 3d5/2
negative binding energy shi for the used Pd/C catalysts due to
the size increase of the nanoparticles, which can affect the
strength of the interaction between the reactants and the
palladium surface. Considering metallic Pd(0) as the only active
phase, the binding energy shi is likely due to the changed
electronic properties of the active charcoal and the hydrocarbon
deposits on the palladium surface formed because of its high
activity. The carbon deposits are conrmed to exert an unde-
sirable effect on the selectivity of alkyne hydrogenation.13,24 In
the case of Pd/C, the Pd 3d proles were clearly affected by the
reaction, suggesting the occurrence of dynamic changes on the
Pd surfaces of Pd/C during the catalytic phenylacetylene
hydrogenation, while the relatively stable Pd surface of Pd/PCFs
was preserved under the same reaction conditions.

H2 temperature programmed reduction (TPR) was per-
formed to provide necessary information about the nature of Pd
species in various supported Pd catalysts. The TPR proles of
the Pd/PCFs and Pd/C samples are shown in Fig. 8. The two
proles show a negative (H2 desorption) peak at about 70 �C;
this is due to the decomposition of Pd hydride, which is typical
for palladium metals.25 The Pd/PCFs catalysts exhibited two
positive reduction peaks at 356 �C and 436 �C, which could be
attributed to the reduction of Pd species.26,27 The positive peaks
corresponding to the hydrogen consumption together elution of
carbonaceous deposits were observed both in Pd/PCFs (568 �C)
and Pd/C samples (610 �C).28 The Pd particles size measured by
H2 pulse chemisorption for the Pd/PCFs catalysts is 3.9 nm,
which is bigger than that for Pd/C (3.5 nm). And Pd metal
surface area is 3.8 m2 g�1 sample for Pd/PCFs and 4.3 m2 g�1

sample for Pd/C.
The key characteristics of a support, critical for catalyst

performance can be divided in bulk and surface, chemical
(composition and surface chemistry), structural (particle size and
shape), and stability under reaction conditions.2 In this work, we
observed higher selectivity with improved stability for Pd/PCFs in
the liquid-phase phenylacetylene hydrogenation comparing to
commercial Pd/C. For Pd/PCFs catalysts, the supporting porous
carbonmaterials with unique surface properties andmorphology
maybe the most important factor determining the higher selec-
tivity to styrene. The structural properties of the PCFs support in
terms of porosity, and crystal phasemay impact the diffusion and
adsorption modes of phenylacetylene, modifying the catalytic
performance. The increase in styrene selectivity can be regarded
as the consequence of increased diffusion resistance affecting
the surface fugacity of phenylacetylene inside the pores, causing
the stronger alkane adsorption while preventing alkene re-
adsorption; hence disabling consecutive hydrogen addition.29
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Pd 3d XPS spectra for: (a) fresh Pd/PCFs catalyst, (b) fresh Pd/C catalyst, (c) used Pd/PCFs catalyst, (d) used Pd/C catalyst.
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In general, the catalytic performance of the selective alkyne
hydrogenation can be controlled by contributions due to the
particle size, shape, and electronic properties of the metal
phase. These features, in turn, can be affected by interactions
with the support. The differences of the two studied catalysts in
terms of activity and selectivity are believed to be caused by
electronic and geometric effects. Some of the earlier results
indicate that catalysts with low dispersion (higher particle size)
ensure better selectivities for alkene formation.30–33 The Pd/
PCFs catalysts with larger particles mainly possess large
crystal planes with atoms having high coordination number
(terrace atoms), whereas Pd/C catalysts with small particles
feature atoms with low coordination numbers (edge and corner
Fig. 8 H2-TPR profiles of Pd/PCFs and Pd/C catalysts.

This journal is © The Royal Society of Chemistry 2017
atoms).25 The metal electron density is suggested to govern
catalyst activity and affect the formation of surface carbona-
ceous deposits, thereby inuencing selectivity, indicating that
the metal-support interactions are stronger in Pd/C than in Pd/
PCFs. Thus the XPS spectra of used Pd/C catalysts undergoes
a clear Pd(0) 3d5/2 negative binding energy shi because of the
size increase of the palladium nanoparticles. The strong metal-
support interactions (SMSI) in Pd/C were assigned to the
migration of support species onto the palladium nanoparticles,
decreasing the accessible surface of palladium nanoparticles by
encapsulation.34 It can be emphasized that a moderate contact
of the Pd surface with the support greatly enhances the styrene
selectivity and hydrogenation activity, decreasing for larger Pd
particles. This means that the nature and strength of the
moderate interactions of Pd nanoparticles with the PCFs
support can induce increased metal particle stabilization and
avoid undesirable effects such as metal leaching caused by the
formation of carbonaceous deposits during the samples prep-
aration and under reaction conditions.
Conclusions

In this study, palladium nanoparticles were supported on 3D
porous carbon frameworks (Pd/PCFs) and used in the selective
hydrogenation of phenylacetylene in a continuous-ow reactor
under low temperatures. Commercially available catalysts
featuring palladium on charcoal (3 wt% Pd/C) were tested for
comparison. The prepared Pd/PCFs catalysts with mean particle
diameters of 3–16 nm, achieved a 62% selectivity towards
RSC Adv., 2017, 7, 15309–15314 | 15313
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styrene with a 93% conversion under very mild conditions
(20 �C, 3 bar, hydrogen ow rate of 12 mLmin�1, reaction liquid
ow rate of 0.9 mL min�1) in the selective hydrogenation of
phenylacetylene. The supporting porous carbon materials
exhibit coral-like morphology with unique surface properties
and hierarchical pore structure are likely to be the most
important factor determining the high styrene selectivity. For
the Pd/PCFs catalysts, a moderate contact of the Pd surface with
the support greatly enhances styrene selectivity and achieves
good phenylacetylene conversion. The XPS spectra of Pd/C
catalysts aer hydrogenation undergoes a clear Pd(0) 3d5/2
negative binding energy shi because of the size increase of the
palladium nanoparticles, while no signicant differences were
observed between the fresh and used Pd/PCFs catalysts. It can
be emphasized that the nature and strength of the moderate
interactions of Pd nanoparticles with the PCFs support can
result in increased metal particle stabilization and avoid
undesirable effects such as metal leaching caused by the
formation of carbonaceous deposits during the samples prep-
aration and under reaction conditions.
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