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Abstract. Ultra-thin palladium nanosheets on carbon black grains have been 

straightforwardly prepared under reductant-free conditions using ultra-sonication. The as-

prepared composites (showing a quite unsual morphology of Pd-deposits) have been 

scrutinized as catalysts in the selective alkyne-to-alkene hydrogenation under mild operational 

conditions. Their activity, selectivity and robustness in the process are outstanding, opening 

new horizons for simpler synthetic procedures for this class of composites. Moreover, the 

tight anchorage of the large and thin metal sheets to the carbon grains of the support 

dramatically reduces the active phase mobility during catalysis. Besides preserving the 

catalyst performance, this peculiar palladium morphology strongly limits the environmental 

risks stemming from metal nanoparticles leaching in heterogeneous catalysts. 
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1. Introduction 

Catalytic hydrogenation is a key process in both the petrochemical industry and the 

production chains for pharmaceuticals and fine chemicals. In particular, the selective 

hydrogenation of alkynes to alkenes covers an important area of industrial production
1, 2

 and it 

still represents a challenging task for many research teams active in the area of hydrogenation 

catalysis.
3
 Alkenes find a high number of applications, spanning from intermediates in the 

synthesis of fine chemicals to building blocks for polymers production. However, olefins 

production from alkynes requires catalysts able at hydrogenating the triple bond and 

hampering at the same time over-hydrogenation/reduction paths towards completely saturated 

hydrocarbons (alkanes). In addition, these catalysts should limit the undesired and 

uncontrollable double-bond chain-walking phenomena (isomerization). Supported catalysts 

containing palladium nanoparticles (Pd NPs)
4-8

 are among the best candidates in terms of 

activity, although they often suffer from moderate selectivity towards the target product.
9
  

Typical approaches used to improve their chemoselectivity
10

 rely on the modification of 

NPs support by the addition of N-, P- or S-containing ligands
11-13

 or on the co-doping of the 

catalytically active metal with a less active one.
11, 14, 15

 The most emblematic example in this 

domain is represented by the Lindlar catalyst, where Pd/CaCO3 is partially “poisoned” by the 

addition of lead (Pb) in traces and quinoline. However, the presence of a toxic metal like lead 

represents a serious limit for its eco-sustainable use in the alkyne-to-alkene reduction process. 

Another effective approach relies on the “active site isolation” strategy, dealing with the 

development of single atom-based catalysts.
16, 17

 Whatever the nature of the applied strategy, 

they generally require relatively complex and costly synthetic solutions that may compromise 

the process sustainability and its large scale implementation. Therefore, the quest for easy-to-
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make, highly efficient and selective catalysts working at moderate H2 pressure without extra 

ligands or co-catalysts is a matter of intense research activity worldwide.  

Sonochemistry is a technique based on an acoustic cavitation process where micrometer 

bubbles are formed in a liquid, grow and finally collapse implosively.
18

 The bubbles’ collapse 

produces the evolution of an intense energy with local temperatures raising that can reach up 

to 5273 K and local pressures exceeding hundreds of atmospheres. At the same time, the 

sonicated environment is featured by an extremely high cooling rate (estimated around 109 

K/s).
18, 19

  

Dynamics of acoustic cavitation growth and collapse are deeply influenced by the 

specific local environment. Indeed, the cavity collapse in a homogeneous liquid phase is 

extremely different from that occurring at a liquid-solid interface. The synthesis of multi-

walled carbon nanotubes decorated with palladium nanoparticles by an ultrasonic cavitation 

approach (using either pure C-carriers or N-doped C-networks) has been recently described 

by Vanyorek et al.
20

 Their straightforwardly prepared Pd-based composites displayed high 

catalytic hydrogenation performance in the nitrobenzene-to-aniline conversion, already at low 

reaction temperatures. The authors’ conclusions on the ability of the adsorbent carrier to 

reduce - under ultrasonic cavitation - the metal ion precursor, prompted us to study the effect 

of this technique for the palladium deposition on simple carbon black (Vulcan XC-72) 

suspended in an oxygen-lean water medium.  

Quite unexpectedly, the as-prepared composite showed the generation of metal deposits 

in the form of irregularly shaped ultra-thin palladium nanosheets, wrapped to carbon grains. 

Despite of the unconventional morphology of palladium deposits, these composites have 

unveiled unexpected performance in catalysis, showing activity in the selective alkyne-to-

alkene hydrogenation comparable or even higher than those claimed for the benchmark 
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Lindlar catalyst or other more costly and less easy to be prepared nanoparticle-based or 

single-atom-based catalysts of the state-of-the-art.
16, 17

 

Accordingly, the work describes a straightforward and fully reproducible catalyst 

preparation methodology based on the ultrasonication of an aqueous suspension of CB in the 

presence of a commercial Pd
II
 salt followed by a low temperature (383 K) evaporation/drying 

phase for the solid catalyst recovering. At odds with more conventional preparation methods, 

this protocol does not require any calcination/reduction treatment to get a highly performing 

and robust nanostructured hydrogenation system. Thus, the applied procedure shows a 

significant reduction of many energy and reagent wastes typically encountered in classical 

synthetic approaches towards the preparation of shape- and size-controlled metal particles at 

the nanoscale to be engaged as selective hydrogenation catalysts. Finally, the absence of small 

palladium nanoparticles and their replacement by ultra-thin metal nanosheets wrapped to 

carbon grains reduce the mobility of the catalytically active phase from the support, thus 

providing a robust and re-usable catalytic system for the process.  

 

2. Experimental section 

2.1 Materials and characterization methods. 

Unless otherwise stated, all commercial reagents, intermediates and solvents were used as 

received without any further purification. 3-Hexyne (99% - 306894), phenylacetylene (98% - 

11,770-6), palladium 10 wt.% on activated carbon (
10

Pd/AC) (CAS n. 20,569-9), 

[PdCl2(NH3)4]H2O (≥99.9% - CAS n. 323438) were purchased from Sigma-Aldrich. 1-

Heptyne (99% - CAS n. A11130) was provided by Alfa Aesar. Commercial carbon black 

(Vulcan XC-72) in the form of powder was received from Fluka and used as such (without 

any pre-treatment) for the synthesis of Pd-based composites.  
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Transmission Electron Microscopy (TEM) analyses was carried out on a JEOL 2100F 

FEG S/TEM working at 200 kV accelerated voltage, equipped with a probe corrector for 

spherical aberrations. The analysed sample was dispersed by ultrasounds in ethanol (for 5 

minutes) and a drop of the suspension was casted on a copper grid covered with a holey 

carbon membrane, evaporated to dryness and used for observation. For the analysis by high 

angular annular dark field (HAADF) in scanning transmission electron microscopy (STEM) 

mode, a spot size of 0.13 nm, a current density of 140 pA and a camera focal length of 8 cm, 

corresponding to the inner and outer diameters of the annular detector of about 73 and 194 

mrad, were used. 

Elemental mapping, i.e.: carbon (C), oxygen (O) and palladium (Pd), was carried out by 

energy dispersive X-ray spectroscopy (EDX) using a silicon drift detector (SDD) with a 

sensor size of 60 mm
2
. For electron tomography analysis, the sample was dispersed in ethanol 

and deposited on a 200-mesh holey carbon grid containing Au NPs of 5 nm used during the 

measurement as seeds to align the tilted images. The grid was mounted on a tomographic 

single-tilt sample holder. The tilt series were acquired in HAADF mode between 70° and -70° 

from the initial position of sample using 2° increments through the tomography plug-in of the 

Digital Micrograph software, which controls the specimen tilt step-by-step, the defocusing 

and the specimen drift. The inner radius of the HAADF detector was about 40 mrad. Image 

alignment was performed through fiducial-less methods, namely a combination of cross-

correlation and center of mass methods using IMOD software.
21

 The reconstructed 3D 

volumes were obtained using the algebraic reconstruction technique (ART)
22

 implemented in 

the TomoJ plugin
23

 working in the ImageJ software. Segmented 3D models were constructed 

using the displaying capabilities and the isosurface rendering method in the Slicer software.  

Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES): the palladium 

loading was fixed by ICP-AES after complete acidic mineralization of the sample (
0.9

Pd/CB), 
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using an Optima 2000 PerkinElmer Inductively Coupled Plasma (ICP) Dual Vision 

instrument. 

Powder X-ray Diffraction (PXRD) measurements were carried out on a Bruker D-8 

Advance diffractometer equipped with a Vantec detector (Cu Kα radiation) working at 40 kV 

and 40 mA. X-ray diffractograms were recorded in the 20-80° 2θ region at room temperature 

in air. The active metallic surface area of 
0.9

Pd/CB was measured by CO chemisorption on a 

Micromeritics
®
 ASAP 2020 instrument. The catalyst (0.35 g) was degassed at 623 K for 15 

min under high vacuum (10
-6

 torr) before being cooled to 308 K under Ar. After purging the 

sample with H2 for additional 2 h at 623 K, chemisorption was run at 308 K. The value of the 

metal dispersion, the crystallite size and the metal active surface area was provided directly by 

the instrument, assuming a CO/Pd average chemisorption stoichiometry of 2.
24, 25

  

N2 adsorption-desorption measurements were carried out on a Micromeritics
®
 ASAP 

2020 instrument at the liquid N2 temperature (77 K) and relative pressures between 0.06 and 

0.99 P/P0. Each sample was outgassed at 473 K under ultra-high vacuum (10
-6

 torr) for 12 h 

before the analysis in order to desorb moisture and adsorbed volatile species.  

X-ray Photoelectron Spectroscopy (XPS) was carried out in an ultrahigh vacuum (UHV) 

spectrometer equipped with a VSW Class WA hemispherical electron analyzer and a 

monochromatic Al Kα X-ray source (1486.6 eV). Survey and high-resolution spectra were 

recorded in constant pass energy mode (90 and 22 eV, respectively). Binding energies were 

calibrated by referring to the C 1s peak at 284.4 eV. Shirley-type background subtraction and 

fitting of the spectra were done with the software package Casa XPS vs. 2.3. The Pd 3d peak 

was fitted using two doublets (i.e. Pd
0
 and Pd

II
) representing metallic and oxidized Pd species. 

Asymmetric and symmetric peak shapes were used to fit the metallic and oxidized Pd 

components respectively. For the fitting of C 1s five components were used corresponding to 

the various chemical states of the carbon support.  
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Gas-chromatographic (GC) measurements were performed on a Varian 3800 CX gas 

chromatographer equipped with a PONA column and a Flame Ionization Detector (FID). The 

retention times and GC response in terms of area versus concentration of the reagents and 

products were calibrated by using pure components diluted in an ethanol solution at various 

concentrations. The conversion and product distribution were calculated from the GC results. 

2.2 Ultrasonication-assisted preparation of ultra-thin Pd-nanosheets on carbon-

black (
0.9

Pd/CB). Carbon black (CB) (1 g) was dispersed in distilled water (100 mL) and 

underwent ultrasonication in a tip sonicator (80 W, 50 Hz) at room temperature for 20 min. 

Afterwards, [PdCl2(NH3)4]H2O (25 mg, 1 wt.% in Pd vs. mass of CB) was added to the 

suspension in one portion and the mixture underwent sonication (80 watt, 50 Hz) for 

additional 10 minutes. The suspension of the composite was then evaporated to dryness at 

ambient pressure and 383 K for 12 h to afford Pd/CB in the form of black powder. ICP-AES 

analysis of the latter confirmed a Pd content of 9.24 g/kg, i.e. of 0.924 wt.%. Accordingly, it 

will be quoted hereafter as follows: 
0.9

Pd/CB, where 0.9 stands for the wt.% of Pd deposits 

and CB indicates carbon black (Vulcan XC-72) as the support. 

2.3 General procedure for the catalytic semi-hydrogenation of alkynes-to-alkenes 

with 
0.9

Pd/CB and the benchmark 
10

Pd/AC hydrogenation catalyst.   

A proper catalyst amount (i.e. 100 mg of 
0.9

Pd/CB or 9.3 mg of 
10

Pd/AC) was suspended 

in ethanol (20 mL) and activated by bubbling H2 at room temperature for 30 min under a 

constant reductant flow rate (5.0 mL/min). Afterwards, 1.52 mmol of a selected alkyne (Pd = 

0.6 mol% vs. substrate) were added in one portion by syringe to the stirred suspension (600 

rpm), and T0 reaction time was fixed. During the reaction course, H2 was constantly fed at 

ambient conditions (room temperature and atmospheric pressure) and constant flow rate (2.5, 

5.0 or 13 mL/min). Under these conditions, the semi-hydrogenation kinetic was monitored by 



 

8 

 

sampling the reaction medium (50 μL) at constant times. Each sample was diluted with 

ethanol (3 mL), filtered through a Celite


 pad and analyzed by GC.  

In a control experiment conducted for highlighting the excellent selectivity in the semi-

hydrogenation of phenylacetylene (PA) to styrene (ST) with 
0.9

Pd/CB, we followed the above-

described procedure except for the use of a 37/63 mixture of PA (0.61 mmol) and ST (0.91 

mmol), respectively, as reagents at T0.  

2.3.1 
0.9

Pd/CB recovering and reuse in successive semi-hydrogenation runs. In a typical 

catalyst’ recycling test, a suspension of 
0.9

Pd/CB (100 mg) in ethanol (20 mL) was activated 

by H2 bubbling (5.0 mL/min) for 30 min at room temperature. Afterwards, 3-hexyne (1.52 

mmol) was added in one portion and the reaction medium was stirred and bubbled with H2 for 

50 min under ambient conditions (room temperature and ambient pressure) at a constant flow 

rate (5.0 mL/min). The reaction course was monitored after 50 min by sampling the reaction 

medium and analyzing it as reported above. The catalytic powder (
0.9

Pd/CB) was recovered 

from the reaction medium by centrifugation at 5000 rpm for 8 min and the supernatant mother 

liquor was removed. The solid residue was then washed with ethanol (3 x 20 mL) and 

centrifuged again to separate it from the liquid phase. After three-fold washing-centrifugation 

cycles, the recovered solid was oven dried at 383 K for 1 h and re-used in catalysis as 

described above.  

2.3.2 Leaching test. A separate catalytic run was used to estimate the leaching of the 

metal active phase throughout the hydrogenation path. To this aim a first catalytic semi-

hydrogenation of 3-hexyne (1.52 mmol) was carried out as reported above (see § 2.3.1) with 

100 mg of 
0.9

Pd/CB. After 50 min run, the catalyst (
0.9

Pd/CB) was separated from the reaction 

medium by filtration over a Celite
®
 pad and the filtrate was analyzed by GC to estimate the 

alkyne conversion and the product selectivity. The separated mother liquor was then treated 

with an additional amount of 3-hexyne (1.52 mmol) and the clear solution was maintained 
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under stirring, at room temperature and constant H2 flow rate (5.0 mL/min) for further 50 min. 

Afterwards, the sampling of the solution was analyzed by GC and it did not show any 

appreciable conversion of the additional amount of 3-hexyne or any change in the selectivity 

of the reaction products observed at the end of the first catalytic run. This experiment, 

combined with the complete retention  of catalyst conversion and selectivity in successive 

catalytic runs (vide infra § 3.4), confirmed the heterogeneous nature of the process and hence 

the negligible amount of any catalytically active Pd species leached from the carbon support 

and accidentally engaged in the hydrogenation process.   

 

3. Results and Discussion 

3.1 
0.9

Pd/CB catalyst characterization 

A representative configuration of the sonicator setup employed for the preparation of 

0.9
Pd/CB is summarized in Figure 1A. Typical STEM micrographs acquired on several grains 

of 
0.9

Pd/CB are shown in Figure 1B-G and Figures S1-S2, respectively. Bright field STEM 

images of the pristine carbon black (CB) at various magnifications are reported in Figure S3. 

High-resolution XPS analysis of the C 1s core region of CB along with N2 adsorption-

desorption isotherm linear plot (BET) are reported in Figure S4 and Figure 4B (vide infra), 

respectively, for the sake of completeness. TEM analysis highlights the presence of well 

dispersed and highly waved Pd deposits with entangled structures around the support’s carbon 

grains (Figures 1B-E and Figures S1-S2). HR STEM images (Figure 1F-G) finally account for 

highly crystalline metal deposits showing typical interplanar distances of 0.24 and 0.20 nm 

that well-match with those of Pd (111) and Pd (100) planes, respectively.
26

 These images also 

unveil the polycrystalline character of the formed Pd deposits. In particular, two randomly 

oriented palladium crystallites (delimitated by the white line) are clearly observed (Figure 

1G). This polycrystalline nature is also visible (on a larger scale), in the Fast Fourier 
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Transform (FFT) pattern outlined on Figure S5. In this sequence of high-resolution images, 

the individual crystallite contributions raising from the palladium deposits and those from the 

underlying graphitic layers of CB are clearly visible.  

To get additional insights on the metal distribution and its crystallinity, HR STEM 

analysis was deliberately acquired on different areas of the same flake, by selecting portions 

apparently featured by different metal thickness (Figure S6). Accordingly, on areas with very 

low image contrast (green square), where only few layers of palladium are formed in direct 

contact with the carbon support, very small metal clusters without any appreciable 

crystallographic order (FFT pattern in inset) are visible. On the other hand, where palladium 

thickness remains quite small, but it appears more contrasted and thicker (e.g. red square 

portion), a more pronounced tendency to generate ordered crystallites is unambiguously 

observed. As claimed above, the crystallographic interplanar distances measured on these 

marked portions are consistent with the Pd (111) and Pd (100) planes. The different 

crystallinity degree measured on two areas of the same flake is tentatively ascribed to a 

different growth of the metal deposits. When it occurs directly at the CB surface, the lattice 

mismatch between carbon and palladium translates into heteroepitaxially grown palladium 

clusters. Such a support-induced disorder is partially compensated where Pd become thicker 

and where homoepitaxially and crystallographically ordered deposits grow.
27-29

  

The XRD profile of 
0.9

Pd/CB was consistent with the prevalent generation of Pd
0
 deposits 

whose distinctive reflections were characteristic for face centered cubic (fcc) Pd structures
30

 

(Figure S7). A minor component ascribed to PdO is also detected with the reflection from the 

(002) plane that appears at the angular position of  33.8 degrees. Thickness of metal deposits 

changes from side to side of the same metallic flake. This is likely due to the presence of 

alternate thin and thick metallic layers originated from nanosheets folding or twisting 

phenomena. In the attempt to get additional information on the morphology of waved Pd 



 

11 

 

nanosheets, metal deposits were additionally studied by Electron Tomography (Figure 2).
31-33

 

The direct analysis of a 3D model obtained from the calculated reconstruction of a selected Pd 

flake has confirmed the presence of shapeless tridimensional networks, formed by relatively 

large and thin nanosheets wrapped around carbon templates. 

The 3D metal morphology presents unique distinctive features characterized by randomly 

curved layouts fixed at the surface of CB particles (see slices in Figure 2), with multi-faceted 

orientations at their far ends. An appropriate space orientation of the 3D metal volume has 

allowed a rough estimation of the nanosheets thickness ranging between 2 and 5 nm (Figure 

2). Electron tomography data give a mean specific surface area of a representative palladium 

flake close to 5.65 m
2
 g

-1
.  

 

Figure 1. A) Schematic representation of the sonicator setup and product composition. B-D) 

HAADF STEM micrographs (in inset the corresponding bright field images) of some 

representative grains of 
0.9

Pd/CB sample showing the typical morphologies of palladium 

nanosheets wrapped to activated carbon spheres. E-G) High resolution HAADF STEM 

micrographs illustrating the crystalline nature of palladium nanosheets, with some 

crystallographic planes annotated in white on the images. 
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Palladium nanosheets appeared homogeneously distributed on the whole scanned area 

(Figure 1B and Figures S1A-B) without showing larger aggregates or the occurrence of 

specific metal segregation phenomena. STEM-EDS elemental mapping of 
0.9

Pd/CB was also 

recorded, and results are outlined in Figure 3.  

Noteworthy, oxygen (O) map (Figure 3D) reveals the presence of an extensively oxidized 

C-network whose generation was likely attributed to the severe conditions encountered by CB 

throughout the ultrasonication treatment (see experimental section). 

 

 

Figure 2. 3D analysis by STEM-HAADF tomography of a typical 
0.9

Pd/CB particle: one of 

the images from the tilt series used to reconstruct the volume (top left), the 3D model of the 

reconstructed volume for the Pd constituent (top right) and two orthogonal slices 
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(perpendicular and parallel to the projection direction which is the electron beam axis) 

(bottom). Some typical thicknesses of the Pd nanosheets are also illustrated in the figure. 

 

Although any conclusion on the nature of the Pd
II
 reduction mechanism remains on a 

mere speculative ground, it is reasonable to claim a dual role for the oxidized carbon black in 

the process: 1) it creates oxygenated and preferential anchoring sites for Pd particles 

nucleation and growth; 2) it provides an electron reservoir for Pd
II
 reduction through the over-

oxidation of its O-containing functional groups. 

 

Figure 3. A) Annular dark field STEM image of typical 
0.9

Pd/CB particles obtained by 

sonication followed by an oven drying at 403 Kin air. B) The corresponding bright field 

STEM image. C-F) Elemental maps obtained by EDX spectroscopy, in STEM mode, of Pd, O 

and C on the analyzed grains of 
0.9

Pd/CB shown on the images A and B.  

 

This redox aptitude of oxidized carbons is already known in sugar chemistry where 

reducing carbohydrates (typically polysaccharides) behave similarly in the presence of a wide 

variety of metal salt precursors.
34-37
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If high local temperature gradients generated during cavitation collapse may favor the 

Pd
II
-to-Pd

0
 reduction,

38
 shock waves resulting from cavitation in liquid-solid slurries are 

known to produce high-velocity metal inter-particle collisions that induce melting.
19

 This 

phenomenon causes an extensive coalescence of metal particles, thus giving rise to the 

observed morphology of the Pd deposits in the composite (Figure 1B-G and Figure S2). 

X-Ray photoelectron spectroscopy (XPS) and N2 adsorption-desorption isotherm linear 

plot (BET) of 
0.9

Pd/CB have also been recorded to complete the catalyst characterization. As 

Figure S8 shows, the XPS survey scan spectrum of the catalyst indicates the presence of O, 

Pd and C elements and rules out the presence of impurities. The high-resolution Pd 3d XPS 

core level region (Figure 4A) clearly accounts for two distinct components ascribed to 

metallic Pd
0
 and Pd

II
 species with binding energies at 3d5/2 = 335.5 eV, 337.5 eV and 3d3/2 = 

340.9 eV, 343.1 eV, respectively.
39

  

 

Figure 4. A) High resolution XPS spectrum of Pd 3d core level region of a freshly prepared 
0.9

Pd/CB. B) N2 adsorption-desorption isotherm linear plot (BET) of 
0.9

Pd/CB (     ) plain CB 

(    ) at comparison. Inset refers to the pore volume distribution [dV/dlog(w)] for the two 

materials measured by the BJH desorption branch.   

 

According to literature precedents,
40

 these authors cannot exclude the existence of strong 

bonding interactions at the Pd-C interface throughout the O-containing functionalities at the 

oxidized surface of the carbon carrier. However, the relatively high concentration of Pd
II
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species (around 60%) from the Pd 3d XPS spectrum (Figure 4A) together with the moderate 

intensity of PdO reflection planes from XRD analysis (Figure S7) and the relatively high 

thickness estimated for the Pd-deposits (from 2 to 5 nm, Figure 2), suggest that Pd
II
 species 

are essentially due to a partial oxidation of the outer metal surface. 

The co-existence of palladium in two stable oxidation states can be regarded as a 

naturally occurred “poisoning” of the palladium catalyst itself. Accordingly, such a mixed 

PdO-Pd surface composition can be invoked to explain the high catalyst selectivity towards 

challenging semi-hydrogenation reactions like those described hereafter in the manuscript. 

This finding is in line with very recent outcomes from the literature where the dual oxidic-

metallic nature of noble metal-based catalysts, enables a favourable synergy between the two 

phases. It is the case of the CO oxidation reaction at low temperature on Pt/CeO2 catalysts
41

 

as well as that of methane oxidation on Pd catalysts
42

 where the presence of both oxidized and 

metallic species enhances the catalysts performance. In addition, a recent quantum-chemical 

modelling of the adsorption interactions of a model alkyne (PA, phenylacetylene) and its 

semi-hydrogenated counterpart (ST, styrene) at the Pd
0
 surface

43
 has pointed out the higher 

selectivity of PA adsorption on Pd (111) and Pd (100) facets that matches well with our HR 

STEM evidences (Figure 1E-G) on the nature of the crystalline metal deposits of 
0.9

Pd/CB. 

The same in-silico study has also claimed an almost total absence of adsorption selectivity on 

edge sites of Pd particles
43

 (if not a slightly higher adsorption selectivity for ST), thus 

concluding that the higher the Pd particle size the higher the selectivity of PA-to-ST semi-

hydrogenation in the process. Both aspects match well with the nature of Pd nanosheets 

available on 
0.9

Pd/CB and the observed selectivity in PA-to-ST hydrogenation (vide infra).  

As far as the 
0.9

Pd/CB specific surface area (SSA) is concerned, the composite shows a 

classical Type II isotherm
44

 (Figure 4B) and its SSA value (168 m
2
/g) ranks very close to that 

of the plain CB precursor (190 m
2
/g). Both materials (

0.9
Pd/CB and CB) possess largely 
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superimposable isothermal linear profiles and account for classical macroporous networks 

(Figure 4B and Table S1).   

To complement the 
0.9

Pd/CB characterization, the metallic surface of Pd nanosheets was 

determined through a CO chemisorption experiment (Table S1). To this aim, the sample was 

preliminary treated under vacuum at 623 K for 15 min and subsequently reduced under a 

constant H2 stream at the same temperature for two hours, assuming a resistance to particles 

sintering under these conditions.
45

 After cooling the sample to 308 K under Ar, CO 

chemisorption was carried out under static conditions and Pd dispersion was determined 

assuming a 1:2 CO-to-Pd stoichiometry.
24, 25, 46

 The obtained metal dispersion (2,12 %), the 

crystallite size (52.8 nm) and the metal active area [9.5m
2
/g(metal)] are in good agreement 

with the large nanosheet-shaped Pd deposits.
47

  

Next sections are dedicated to the semi-hydrogenation (or partial reduction) of 

aliphatic/aromatic alkynes using 
0.9

Pd/CB as catalyst under mild reaction conditions. Semi-

hydrogenation is a challenging catalytic process of great relevance from an industrial 

viewpoint. It also enables a complete catalyst screening in a key catalytic transformation 

while offering useful hints to the optimization of the catalyst process design
48

 and its 

hydrogenation performance.
49

 

 

3.2 Selective hydrogenation of linear alkynes 

0.9
Pd/CB was investigated as catalyst for the selective hydrogenation of linear alkynes 

under mild conditions. To this aim, 1-heptyne was initially selected as a model substrate and 

its conversion was followed at room temperature and ambient pressure for the proper reaction 

time. During the whole hydrogenation process, H2 (5 mL/min) was continuously fed as to 

maintain its concentration in solution constant. For the sake of comparison, the commercially 

available 
10

Pd/AC was employed as catalyst under identical conditions, using almost the same 

active phase loading ( 0.6 mol.% of Pd vs. substrate). For both catalysts, activities measured 
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at the most representative conversion times were expressed by the catalyst turn-over-number 

(TON) in terms of (mol of alkyne converted to alkene)(molPd)
-1

.  

The hydrogenation performance of the two catalytic systems at work along with the 

relative products distribution over time are reported in Figures 5A and 5B, respectively. As 

expected, the higher the surface density of active metal sites (
10

Pd/AC > 
0.9

Pd/CB) the faster 

the alkyne hydrogenation kinetics. Anyway, 
0.9

Pd/CB shows a markedly higher selectivity 

towards the target 1-heptene, whose value ranks constantly over 97% till 40% of substrate 

conversion and slightly decreases down to 93% once 1-heptyne conversion is completed (> 

99% after ~ 50 min; TON: 153). On the other hand, selectivity towards 1-heptene goes down 

much faster in the presence of 
10

Pd/AC as catalyst and reaches 74% when all 1-heptyne is 

consumed (> 99% after ~ 40 min; TON: 122). Whatever the catalytic system at work, once all 

triple bond is consumed, 1-heptene undergoes rapid thermodynamic isomerization to give 

(E/Z)-diastereomeric mixtures of 2- and 3-heptenes along with the completely saturated 

hydrocarbon (n-heptane).   

 

Figure 5. 1-Heptyne hydrogenation with (A) 
0.9

Pd/CB (100 mg), (B) 
10

Pd/AC (9.3 mg) as 

catalysts;  1-heptyne conversion;  1-heptene selectivity;  2- and 3-heptene selectivity; 

 n-heptane selectivity. Other reaction conditions: 1-heptyne (1.52 mmol); EtOH (20 mL); 

H2 flow rate: 5.0 mL/min; room temperature, 600 rpm. 
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Given the equal Pd-loading (0.6 mol.% vs. 1-heptyne) in the two catalytic trials, the 

higher 1-heptene selectivity observed with 
0.9

Pd/CB was likely ascribed to the inherent 

morphology of the metallic active phase. The presence of large and thin Pd-nanosheets 

coating the surface of carbon grains was supposed to play an important role in the alkyne-

adsorption, reduction and alkene-desorption sequence. The shapeless microstructure of a 

straightforwardly prepared palladium catalyst was found to reduce the occurrence of 

undesired over-hydrogenation paths responsible of a further reduction of the targeted alkene 

intermediate. To the best of our knowledge, there are no precedents in the literature for 

shapeless Pd-nanosheets supported on CB as selective catalysts for the semi-hydrogenation of 

terminal alkynes. Worthy of note, similar outcomes in the liquid-phase hydrogenation of 1-

alkynes have recently been described in combination with morphologically well-defined Pd-

single-atom (SAA) and Pd-alloy single-atom catalysts.
50, 51

  

Although these authors are aware that any comparison with related heterogeneous 

systems from the state-of-the-art is hard to be exhaustively addressed due to the different 

experimental conditions used (catalyst synthesis and composition, nature of active phase 

carrier and operational conditions: batch vs. continuous mode), the analysis of literature 

results (Table 1), selected among the most representative papers, unveils the excellent 

performance of our 
0.9

Pd/CB catalyst in the process. 

 

Table 1. Liquid-phase semi-hydrogenation of 1-alkyne with most representative Pd and Pd-

alloy catalysts from the literature.  

E
n

tr
y
 

[wt.%]  

Catalyst 
1-Alkyne Solvent 

T  

(K) 

P  

(bar) 

T  

(min) 

Conv.  

(%)
a 

Select. 

(%)
a
 

TON
 b

 Ref. 

1 
[1.0] 
0.9

Pd/CB  
1-heptyne 

EtOH 295 1 

40 80 97 129 

This 

work 
50 > 99 93 153 

2 
[1.0] 
10

Pd/AC 
1-heptyne 

25 60 87 87 

40 > 99 74 122 

3 
[0.5] 

[Pd]mpg-C3N4
c 1-hexyne 

Toluene 

or THF 
343 5 - -

 
 ~ 88

d
 n.d. 50 

4 
[0.008 Pd] [3.8 

Au/SiO2] 

PdAu-SAA/SiO2
c
 

1-hexyne EtOH 298 5 
80 50 82 n.d. 

51 
> 150 100 82 n.d. 
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a
 Alkyne conversion and 1-alkene selectivity were determined by GC analysis. 

b
 Turnover 

number expressed as (mol of alkyne converted to alkene)(molPd)
-1 c

 Single-atom (SA) Pd-

catalysts.
 d

 Catalysis was carried out in a continuous-flow three-phase reactor and selectivity 

refers to the average value over a long-term run (20 h) with a mean productivity of 1.4 10
3
 

mol of 1-hexene produced per mol of Pd per h.   

López and Pérez-Ramírez have described a Pd single-site (SS) catalyst obtained by 

anchoring the metal atoms into the cavities of a mesoporous graphitic carbon nitride.
50

 They 

successfully exploited their catalyst in a continuous-flow reactor for the three-phase 

hydrogenation of alkynes and nitroarenes with high activity and products selectivity (88% to 

1-hexene for a 20 h catalytic run at 343 K and 5 bar of H2) compared to nanoparticles-based 

benchmark catalysts (Table 1, entry 3). An additional in-silico effort from these authors 

highlighted the importance of atomically dispersed Pd-sites as to ensure high activity and 

product selectivity in the process. Later, Flytzani-Stephanopoulos and co-workers reported on 

a sequential reduction method for the SiO2 decoration with PdAu SAA (Single-Atom Alloy) 

to be employed as effective and stable systems for the model hydrogenation of 1-hexyne to 1-

hexene.
51

 Their optimized conditions, at room temperature and 5 bar of H2, afforded a 1-

hexene selectivity as high as 82% once all starting triple bond was consumed (Table 1, entry 

4).  

Despite the undoubtful relevance of these seminal contributions, our simplest but 

effective approach to the generation of shapeless heterogeneous catalysts for the process 

along with the outstanding results in the semi-hydrogenation reaction (Table 1, entry 1), leave 

more than a simple doubt on the urgency of sophisticated and wasteful synthetic procedures 

applied to the design of effective catalysts for this application.  

In an additional trial, 
0.9

Pd/CB was scrutinized as catalyst for the selective hydrogenation 

of an internal alkyne. To this aim, the model 3-hexyne underwent hydrogenation under the 

same mild conditions applied above for the terminal alkyne. Once again, a proper amount of 

the benchmark 
10

Pd/AC was used in the process for the sake of comparison. As Figure 6A and 
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B show, 
0.9

Pd/CB was an extremely selective hydrogenation catalyst to give 97% of (Z)-3-

hexene when all alkyne was consumed (> 99% after ~50 min; TON: 160) (Figure 6A). Given 

the less (thermodynamically) favorable double-bond "chain walking" to afford (E/Z)-2-

hexene or 1-hexene, isomerization was deeply inhibited. Moreover, the more sterically 

crowded double-bond environment in (Z)-3-hexene, made harder its further hydrogenation to 

the saturated hydrocarbon even after several minutes from the complete alkyne conversion.  

At odds with the products distribution recorded in the 1-heptyne hydrogenation [1-

heptene selectivity dropped from 93 down to 22% after 10 minutes from the complete alkyne 

consumption (Figure 6A, 60 min)], selectivity to 3-hexene passed from 97% (after ~ 50 min) 

down to 91 % after the same time (~ 10 min) from the complete 3-hexyne conversion. Such a 

behavior has already been observed with the Lindlar catalyst
52

 once alkyne hydrogenation 

affords internal alkenes instead of terminal ones. Noteworthy, the benchmark 
10

Pd/AC gave 

(Z)-3-hexene with a selectivity of 87% after complete consumption of the internal alkyne (~ 

35 min; TON: 144). Most importantly, selectivity decreases faster from 87% down to 38%, 25 

min after the complete alkyne conversion, with the 3-hexene over-hydrogenation to n-hexane 

being the dominant side-process (Figure 6B). The influence of hydrogen flow rate (mL/min) 

on the selective 3-hexyne hydrogenation catalyzed by 
0.9

Pd/CB was finally investigated for 

the sake of completeness and results are presented in Figure S9 and summarized in Table S2. 
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Figure 6. 3-Hexyne hydrogenation with (A) 
0.9

Pd/CB (100 mg), (B) 
10

Pd/AC (10 mg) as 

catalysts;  3-hexyne conversion;  3-hexene selectivity;  1- and 2-hexene selectivity; 

 n-hexane selectivity. Other reaction conditions: 3-hexyne (1.52 mmol); EtOH (20 mL); H2 

flow rate: 5.0 mL/min; room temperature, 600 rpm. 

 

A hydrogen flow decrease by 50% (from 5.0 to 2.5 mL/min) affects only negligibly the 

hydrogenation selectivity (99% vs. 98%) of the process and causes only a slight increase of 

the reaction time to 55 min to carry out the reaction to completeness (Figure S9A and Table 

S2). On the other hand, increased hydrogen flows (i.e. 13.0 mL/min) allow maintaining 

markedly high selectivity values (98%) towards the targeted internal alkene and reducing 

appreciably the reaction time necessary to bring the reaction up to completeness (40 min vs. 

50 min for 5.0 mL/min) (Figure S9B and Table S2), thus optimizing the catalyst performance. 

   

 

3.3 Selective hydrogenation of aromatic alkynes 

0.9
Pd/CB was finally studied as a selective, robust and re-usable (vide infra) catalytic 

system for the semi-hydrogenation of phenylacetylene (PA) to styrene (ST). This process is of 

great relevance because this aromatic alkyne is an unwanted component of gaseous reagent 

streams employed in polystyrene production plants and whose removal (to a concentration 
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lower than 10 ppm) is mandatory in order to prevent the deactivation/poisoning of 

polymerization catalysts.
5
 

The reaction was carried out under conditions similar to those reported above for 

aliphatic compounds. A complete selectivity to styrene (ST) was maintained throughout the 

first half an hour of reaction and till PA conversion was lower than 50%. Afterwards, 

selectivity slightly drops down to 96% and lies constantly on that value till complete alkyne 

consumption (e.g. 98% of PA converted after 55 min of reaction with a ST selectivity of 96% 

- TON: 157 - See Figure 7A). Satisfyingly, ethylbenzene (EB) started to be produced 

appreciably only after complete PA conversion into ST. With the benchmark 
10

Pd/AC, ST 

selectivity was constantly lower than 100% already after few minutes of the catalyst on run. 

Alkyne consumption proceeded faster with the commercially available system to get 96% PA-

to-ST conversion with an alkene selectivity of 95% after 30 min only (TON: 152) (Figure 7B). 

Anyway, selectivity was lost faster after all PA was consumed with EB formation taking 

place twice faster on 
10

Pd/AC than on 
0.9

Pd/CB (Figure 7B).  

Aimed at further highlighting the effective aptitude of 
0.9

Pd/CB to hydrogenate 

selectively PA into ST, we performed the catalytic process starting from a mixture of PA and 

ST with the latter being in a nearly two-fold molar excess (Figure 7C). During the first 20 min 

on run, we observed a totally selective conversion of the minority reagent into ST without any 

appreciable competition of the hydrogenation on latter to give EB. Remarkably, 
0.9

Pd/CB 

maintained a complete chemoselectivity in the hydrogenation process till complete 

consumption of the alkyne in the mixture (after ca. 20 min). ST hydrogenation to EB occurs 

appreciably only afterwards (Figure 7C).             

These promising results prompted us to compare the performance of our 

straightforwardly prepared 
0.9

Pd/CB catalyst with more sophisticated Pd-systems from the 

literature (Table 2). 
0.9

Pd/AC in PA semi-hydrogenation outperforms catalytic systems of the 
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state-of-the-art as those reported by Cazorla-Amorós et al. 
5, 53

 (Table 2, entry 1 vs. 2). These 

authors described a series of carbon-supported [CB, activated carbon (AC) and carbon 

nanotubes - CNTs] Pd catalysts at a variable metal loading (0.7-2.2 wt.%), prepared by the 

reduction-by-solvent method.
5
 Besides adopting  more complicated experimental procedures 

for the reduction of the Pd precursor to colloidal nanoparticles, these systems show additional 

drawbacks: a H2 flow of 30 mL/min, a reaction temperature as high as 323 K and reaction 

times between 350 and 520 min were required to obtain a complete PA consumption and a ST 

selectivity close to 96-97%.  

As Table 2 illustrates, the catalytic performance of 
0.9

Pd/CB (Entry 1) compares well or 

even outperforms those of the most representative catalytic systems of the state-of-the-art, 

whose preparation typically implies more complex synthetic paths aimed at the fine tailoring 

of the active phases
54-56

 (including the Lindlar catalyst
54, 57, 58

) (Entries 3-10), or the 

production of highly dispersed, size and shape-controlled palladium-based nanocomposites
57-

63
 (Entries 11-17) up to Pd single-atom (SA)

64-66
 (Entry 18-19) catalysts.  
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Figure 7. Phenylacetylene (PA) hydrogenation with (A) 
0.9

Pd/CB (100 mg), (B) 
10

Pd/AC (10 

mg) as catalysts;  PA conversion;  ST selectivity;  EB selectivity. Other reaction 

conditions: PA (1.52 mmol); EtOH (20 mL); H2 flow rate: 5.0 mL/min; room temperature, 

600 rpm. (C) 
0.9

Pd/CB (100 mg) hydrogenation of a 37/63 mixture of PA and ST. Other 

reaction conditions: PA (0.61 mmol); ST (0.91 mmol); EtOH (20 mL); H2 flow rate: 5.0 

mL/min; room temperature, 600 rpm. 

 

Table 2. Liquid-phase hydrogenation catalysts for the selective PA-to-ST reduction. 

Entry Catalyst Solvent 
T 

(K) 

P 

(bar) 

T 

(min) 

Conv. 

(%)
a
 

Select. 

(%)
a
 

Ref. 

1
c 0.9

Pd/CB
 

EtOH 298 1 55 > 99 96 
This 

work 

2
d
 Pd/NT or Pd/CB or Pd/AC MeOH 323 1 360-520 > 99 96-97 5 

3
e 

SiO2@CuFe2O4-Pd n-Hexane - 1 150 98
b 

98
b 

54 

4
f
 Pd/Ag@CeO2-1.5 EtOH 313 15 720 97 99 55 

5
g
 Pd5Au5/ZnTi EtOH 318 15 80 > 99 93 56 

6
h
 Lindlar catalyst (Aldrich) n-Hexane - 1 150 82 92 54 

7
h
 Lindlar catalyst (Aldrich) n-Hexane - 1 210 98 76 54 

8
i
 Lindlar catalyst (NHU Co.) EtOH 303 1 270 5 > 99 57 

9
j
 Lindlar catalyst (TCI) Acetonitrile 303 1 60 86 99 58 

10
j
 Lindlar catalyst (TCI) Acetonitrile 303 1 720 > 99 76 58 

11
k 

Pd/N,O-carbon EtOH 298 1 90 > 99 95 59 

12
l 

Pd/mpg-C3N4 EtOH 303 1 85 > 99 94 57 
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13
m MWCNTs-Fe3O4-Cu2O-Pd Acetonitrile 303 1 90 > 99 98 58 

14
n 

CN@Pt/CNTs EtOH 348 3 100 > 99 87 60 

15
o 

Pd/SPMB-2.7 Acetonitrile 298 1 140 > 99 96 61 

16
p 

PyC12S-Pd/VC CH2Cl2 303 1 330 > 99 88 62 

17
q 

Pd+PEI(L)@HSS 
MeOH/1,4-

dioxane 
303 1 270 > 99 84 63 

18
 

Pd
s
–GDY EtOH 298 2 120 >  99 99.3 64 

19
r
 Pd0.18Cu15/Al2O3 n-Hexane 298 6.9 480 90 94 65 

a
 PA conversion and ST selectivity were determined by GC analysis. 

b
 Values confirmed by 

1
H NMR spectroscopy. Pd-loading in the catalytic materials: c 0.924 wt.%; d 0.7-2.2 wt.% 

e 

4.15 wt. %.; f 8 wt.%; g Total content of noble metals: 93 μmol/g(ZnTi); 
h
 5 wt.%; 

i
 1 wt.%; 

j
 5 

wt.%; k 1.64 wt.%; l 5.64 wt.%; m 1.67 wt.%; n 2.3 wt.%; o S/Pd mol ratio = 2.7; p 1 wt.%; q 0.5 

mol %; r 0.5 mol %; r Pd-loading: 0.18 at.% 

 

3.4 Leaching test, catalyst recovery and recycling.   

One key feature associated to the use of relatively large Pd-nanosheets wrapped to carbon 

grains is their reduced surface mobility throughout long term catalytic runs. 

As a matter of fact, alterations of the catalyst active phase are deeply mitigated. Hence,the 

catalyst performance is preserved over long term cycles and environmental risks associated to 

nano-objects leaching phenomena are reduced. Nanoparticles leaching can be also responsible 

for the occurrence of side-processes promoted by free-particles suspended in the liquid 

medium whose catalytic action alters the effective heterogeneous nature of the process. 

In order to verify the truly heterogeneous nature of the catalysis, a leaching test was 

conducted by filtering the 
0.9

Pd/CB catalyst from the reaction medium after running the 3-

hexyne hydrogenation for 50 min under a continuum H2 stream at the flow rate of 5 mL/min. 

The GC analysis of filtered mother liquors confirmed a complete alkyne conversion (> 99 %) 

with a 3-hexene selectivity of 98%. To assess the catalytic power of the filtered mother 

liquors and thus to rule out metal leaching phenomena and the co-existence of alternative 

catalytic paths, the 
0.9

Pd/CB-free ethanol solution was then treated again with 3-hexyne (1.52 

mmol) and maintained under the same conditions as above, i.e. bubbled with a 5.0 mL/min 

flow of H2 at r.t. for further 50 min. GC analysis of the solution before and after H2 treatment 
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did not show any appreciable change in the 3-hexyne/3-hexene ratio, thus excluding the 

presence of atomically leached and catalytically active Pd species in the liquid reaction 

medium. In a separate experiment, 
0.9

Pd/CB stability and re-usability in catalysis was 

investigated through successive recovery/recycling tests where the catalyst was recovered by 

centrifugation, separated by the liquid supernatant, washed with pure ethanol and evaporated 

to dryness in an oven at 383 K before being reused in catalysis. As Figure S10 shows, 

0.9
Pd/CB proved to be extremely stable over successive catalytic tests, giving 3-hexene with a 

mean selectivity of 97% and a conversion varying between 98.5 and > 99% over three 

consecutive runs of 50 min each. 

These results confirm the remarkable catalyst stability under the operative conditions as 

well as the reduced mobility of Pd-nanosheets whose extensive interaction with the surface of 

carbon grains reduces if not suppresses leaching phenomena. This result additionally 

strengthens the relevance of the nanosheet morphology of Pd-deposits prepared by the 

ultrasonication method. Indeed, there are only very few examples in the literature that boast 

the complete suppression of the active-phase leaching,
52

 particularly when catalytically active 

nano-objects are directly engaged in the semi-hydrogenation process.
67-70

 After three catalytic 

cycles, the recovered catalyst was analyzed through TEM analysis and its morphology was 

compared with that of the fresh one. As Figure S11 shows, Pd-active phase retains its pristine 

microstructure made of irregularly shaped and largely carbon entangled thin nanosheets 

(Figures S10A-C). At higher magnifications, the underlying disordered structure of carbon 

black is clearly identified below that of ultra-thin and ordered crystallographic planes of 

palladium deposits (Figure S11D). 

 

4. Conclusion 
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The effects of ultrasound are the consequence of the cavitation phenomenon, hence the 

formation, the growth and the collapse of gaseous microbubbles in a liquid phase or at the 

liquid-solid interphase. The intense mechanical, thermal and chemical local effects due to the 

bubbles collapse make sonochemistry a valuable and innovative approach to produce catalytic 

materials in a more eco-sustainable way. In this contribution we have described the simple, 

wasteless and reproducible approach to the reductant-free generation of Pd
0
 deposits in the 

form of ultra-thin nanosheets fixed to the grains of the carbon black support. The unusual 

morphology of the metal deposits has been thoroughly investigated and the reduction 

mechanism at work in the process has been postulated. In spite of the unconventional shape of 

the metal deposits, these composites have been scrutinized as catalysts for the highly efficient 

and selective heterogeneous alkyne-to-alkene hydrogenation of aliphatic and aromatic 

compounds. Quite unexpectedly, the carbon supported Pd nanosheets have shown comparable 

or even higher performance in the process compared to benchmark systems like the Lindlar 

catalyst or 
10

Pd/AC, including other more costly and less easy to be prepared nanoparticle-

based or single-atom-based catalysts of the state-of-the-art.  

Catalytic outcomes lead us to conclude that the high alkene selectivity observed with 

0.9
Pd/CB (from 93 up to 97% depending on the starting alkyne at its conversion > 99%) is 

likely to be ascribed to the morphology of the metallic active phase. The presence of large and 

thin Pd-nanosheets is supposed to play an important role in the alkyne-adsorption, reduction 

and alkene-desorption sequence, thus limiting the occurrence of undesired over-

hydrogenation paths.  

To the best of our knowledge, this is a unique example of a hydrogenation catalyst for the 

semi-alkyne-to-alkene reduction that goes on an opposite direction with respect to the more 

classical approaches based on the size and shape control at the nanoscale of metal deposits in 

the catalyst design. Although electronic effects raising from the support-active phase 
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interactions on the catalytic behavior (i.e. palladium interactions with the O-containing groups 

on the support) cannot be ruled out, metallic nanosheets fixed to the support along with their 

large size deeply mitigate the risks associated to the surface mobility of the catalyst active 

phase, preserve the catalyst performance on long term runs and reduce environmental risks 

associated to nano-objects leaching phenomena.  

Additional studies aimed at shaping these powdery catalysts in the form of 3D open-cell 

networks and their application in fixed-bed flow reactors are currently under study and will be 

reported elsewhere soon.   
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