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Constructing Pd-C bonds between Pd particles and highly defective hollow 

nanocarbons (h-NCs) not only enables facile H2 dissociation but also the 

diffusion of the dissociated H species, which makes the synthesized Pd/h-

NC catalyst highly active with a TOF of 21, 845 /h (>80 times higher than that 

on the best catalyst reported in literature), selective (97%), and stable (4 

cycles) for selective hydrogenation of 3-nitrostyrene to 3-ethylnitrobenze.  

Catalytic hydrogenation is considered as an environmentally friendly 

and efficient process for hydrogenation of nitroarenes to produce 

versatile intermediates for production of dyes, pharmaceuticals, flavors, 

agrochemicals and polymers.1-4 However, a catalyst that possesses both 

high activity and selectivity, especially in the presence of two or more 

reducible functional groups (e. g. selective hydrogenation of 

nitrostyrene), under mild reaction conditions is highly desirable. Most 

of the available supported metal catalysts cannot meet such a 

demanding goal of selective hydrogenation. For example, unmodified 

Pd-based catalysts normally lead to overly hydrogenated products 

attributable to the strong hydrogenation ability of Pd particles.5-7 For 

selective hydrogenation of targeted molecules and products, one needs 

to consider both the H2 activation process and the adsorption strength 

of dissociated H atoms on the surfaces of the active species.8, 9 A catalyst 

that possesses facile activation of H2 and weak adsorption of the 

dissociated H atoms can exhibit optimal efficiency in balancing activity 

and selectivity for the targeted product.8, 10 The electronic properties of 

active metal species play a crucial role in determining the adsorption 

behavior of functional groups and the dissociation behavior of H2.3, 5, 11 

Hence, how to efficiently tune the electronic properties of active 

species/sites is critical to enhancing a catalyst’s overall performance for 

selective hydrogenation reactions. 

The use of transition metals or other types of additives to modify 

the electronic structure of active sites can enhance selectivity but at the 

expense of activity.11-13 For example, the addition of alkali ions enables 

modulating the electronic properties of supported active metal species, 

which controls the activity and selectivity for 3-nitrostyrene 

hydrogenation.11 Metal alloying is considered another efficient method 

to tune the electronic properties of active metal species and 

correspondingly enhance their catalytic performance. 8, 9, 14 Another 

approach is to choose the appropriate reducible oxides as supports that 

can influence the catalytic activity and selectivity of the active phases 

via strong metal-support interactions.1, 15, 16 

For liquid phase reactions, carbon supports have been widely used 

because of their high chemical stability in either acid or base solvents, 

high mechanical stability, high total surface area, and unique electronic 

properties.17, 18 Graphitic carbon materials are generally not appropriate 

for anchoring metal species, especially noble metals, due to the 

chemical inertness of the graphite basal planes.19 Therefore, strategies 

for engineering defects (e.g., topological, dangling bonds, 

rehybridization and other types of defects20, 21) of, introducing 

functional groups to, and/or incorporating heteroatoms in, carbon 

structures have been proposed to strengthen the electronic interaction 

between active metal species and the functional moieties or defects on 

carbon surfaces.21, 22 In this work, we propose a new strategy to enhance 

the catalytic activity and selectivity for selective hydrogenation 

reactions: constructing strong metal-carbon bonding to finely tune the 

electronic structure of active metal species through strong electronic 

interaction between metal particles and edge/defect sites of carbon 

supports. 

In this present study, we fabricated hollow nanocarbons (h-NCs) 

that possess high number density of surface edge/defect sites, high 

total surface area, and highly accessible mesopores. Our concurrent 

research work has confirmed that these edge/defect sites of the 

synthesized h-NCs efficiently modulate the electronic structure of 

anchored single Pt atoms and significantly enhance their chemical 

reactivity. We hypothesize that strong interaction between small Pd 

clusters and the carbon edge atoms forming Pd-C bonds can tune the 

hydrogenation ability of the Pd clusters to a degree that both the H2 

dissociation and the adsorption of the dissociated H atoms are 

appropriate for the targeted selective hydrogenation of 3-nitrostyrene 

to 3-ethylnitrobenze with high activity and selectivity. 
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Our experimental results demonstrate that the synthesized h-NCs 

supported Pd particles are highly active and selective for the 

hydrogenation of 3-nitrostyrene to 3-ethylnitrobenze, under very mild 

reaction conditions (40 oC and 5 bar H2) with ethanol as the reaction 

medium, with a selectivity of 97% and a turnover frequency (TOF) as 

high as 21, 845 per Pd atom per hour (21, 845 /h), more than 80 times 

higher than that of the best catalyst reported in literature.23 

The h-NCs are synthesized by a template-assisted catalytic 

deposition and evaporation process by using ZnO nanowires as 

template (See sample preparation details in the supporting materials). 

The h-NCs possess a BET surface area of ~1,100 m2/g and a tube 

morphology with inner diameters ranging from 20 to 100 nm and 

lengths ranging from 1 to 20 micrometers (Figure S1). The wall 

thicknesses of the h-NCs range from 2-5 nm with numerous mesopores 

(an average pose diameter of ~4.3 nm) on the side walls (Figure S2). The 

synthesized h-NCs consist of stacked hyper-cross-linked graphene 

sheets with sizes ranging from 0.5 to 3.1 nm, resulting in disordered and 

defective graphene-like structures (Figure S3). The presence of 

numerous edge sites in the synthesized h-NCs can be effectively utilized 

to anchor single metal atoms, clusters or nanoparticles. 

The aberration-corrected high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) imaging technique 

(Figure 1), indispensable for determining the dispersion of supported 

metal catalysts24, was used to examine the spatial  and size distribution 

of Pd particles supported on the h-NCs (denoted as Pd/h-NC with Pd 

loading of 0.49 wt.%): The Pd particles are uniformly distributed across 

the h-NCs with an average size of 2.8 ± 0.2 nm. To compare with 

literature results, the Vulcan XC-72 carbon, widely used in a variety of 

catalytic reactions25, was used to synthesize a control catalyst. The XC-

72 carbon, with a BET surface area of 254 m2/g, consists of aggregated 

spherical particles with a compact, onion-like graphitic structure (Figure 

S4). The Pd particles supported on the XC-72 carbon powders (Figure 

1b), denoted as Pd/XC-72 with a Pd loading of 0.58 wt.%, have slightly 

larger sizes with an average size of 3.1 ± 0.1 nm.  

 
Figure 1. HAADF-STEM images and particle size distributions of fresh Pd/h-NC and Pd/XC-

72. 

As shown in Table 1, the synthesized Pd/h-NC is highly active for 

hydrogenation of 3-nitrostyrene with a selectivity of 97.0% toward 3-

ethylnitrobenzene under mild reaction conditions (40 oC and 5 bar H2). 

The 3-ethylaniline was the only by-product and hydroxylamine or other 

types of side products were not detectable. The catalyst maintained its 

selectivity (> 91%) toward 3-ethylnitrobenzene even after 4 cycles 

(Figure S5). Electron microscopy characterizations and metal analyses 

did not reveal recognizable sintering of Pd nanoparticles (Figure S6) or 

leaching of Pd during the catalytic reactions. The slight decrease in 

conversion rate during the stability test originated from the loss of 

catalyst powders during the filtering processes since we used only 5 mg 

catalysts for the hydrogenation reactions. The TOF of the Pd/h-NC was 

calculated to be 21, 845 /h, ~84 times higher than that of the best 

catalyst reported in literature.23 The recently developed single-atom 

catalysts (SACs) normally exhibit high selectivity toward selective 

hydrogenation reactions due to the uniformity of isolated active sites.26-

30 However, when downsizing the Pd particles to single atoms (Figure 

S7) the Pd1/h-NC SAC (with a Pd loading of 0.19 wt.%) exhibited a much 

lower selectivity toward 3-ethylnitrobenze (82.7%) under the same 

reaction conditions (Table 1) although the TOF was estimated to be 

22,070 /h, similar to that of the Pd/h-NC catalyst. Compared to other 

highly selective catalysts for hydrogenation of 3-nitrostyrene (Table S1), 

the use of ethanol as the reaction medium, as practiced here on the 

synthesized Pd/h-NC, is much greener and more environmentally 

friendly than that by using toxic and/or environmentally unfriendly 

solvents such as heptane, toluene, and tetrahydrofuran as the reaction 

medium to enhance the catalytic selectivity of 3-nitrostyrene 

hydrogenation to 3-ethylnitrobenze.4, 14, 23, 31, 32 The catalytic evaluation 

results indicate that the Pd/h-NC catalyst not only provides better 

performance but also enables catalytic transformation of important 

molecules in a more environmentally friendly reaction medium. 

 

Table 1 Catalytic activity and selectivity of selective hydrogenation of 3-

nirostyrene over carbon supported Pd catalystsa 

Catalyst Conversion /% 
Selectivity /% 

3-VA 3-EA 3-ENB Other 

Pd/h-NC 94.9 0 3.0 97.0 0 

Pd/XC-72 12.8 7 12.8 80.2 0 

10 wt.% Pd/Cb 99.9 0 50.4 37.5 12.1 

Pd1/h-NC 24.2 3.7 13.7 82.7 0 

Pure h-NCc 0 0 0 0 0 

Pure XC-72d 0 0 0 0 0 

a: Reaction conditions: 40 oC for 10 min, 5bar H2 as hydrogen donor, 8 ml ethanol as 

reaction solvent, 0.33 mmol 3-nitrostyrene, Pd/substrate ratio is 0.14%. 3-VA: 3-

vinylaniline; 3-EA: 3-ethylaniline; 3-ENB: 3-ethylnitrobenze. 

b: Commercial 10 wt.% Pd/C from Sigma-Aldrich. 

c: Reaction time is 60 min.  

d: Reaction time is 30 min. 

 

When different types of carbon supports were used the 

corresponding supported Pd catalysts exhibited much lower selectivity 

toward 3-ethylnitrobenzene (Table 1). For example, the commercial 

Pd/C catalyst (purchased from Sigma-Aldrich) yielded a selectivity of 

only 37.5% toward 3-ethylnitrobenzene and the reaction product was 

dominated by 3-ethylaniline. Furthermore, the total activity for 

hydrogenation of 3-nitrostyrene on the commercial Pd/C catalyst (TOF 
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= 8,768 /h) was much lower than on the Pd/h-NC. The selectivity toward 

3-ethylnitrobenzene on the control Pd/XC-72 catalyst was 80.2% with a 

total TOF of 9,300 /h, ~ 2.3 times lower than that on the Pd/h-NC 

catalyst. The pure h-NCs and XC-72 carbon, under the same reaction 

conditions, were not active (Table 1). These results suggest that the 

physicochemical properties of the carbon supports play a significant 

role in determining both the selectivity and activity of selective 

hydrogenation of 3-nitrostyrene on carbon supported Pd nanoparticle 

catalysts.  

In order to understand why the Pd/h-NC catalyst is more active and 

selective, we characterized this catalyst in detail. With similar Pd loading, 

the HAADF-STEM images show that the size and spatial distribution of 

the Pd particles are similar in both the Pd/h-NC and the Pd/XC-72 

catalysts, suggesting that the size and shape of the Pd particles may not 

play a significant role in differentiating the performance of these two 

catalysts. The geometric and electronic properties of the carbon 

supports play an important role in stabilizing metal species and tuning 

their electronic properties.33 Raman spectroscopy, capable of providing 

useful information on the density of defects in carbon materials, 34-36 

was used to characterize the as-prepared h-NCs and the XC-72. The 

peak at 1591 cm-1 of the Raman spectra (Figure S8 and S9) is assigned 

to the G-band, corresponding to the bond stretch of all pairs of sp2 in 

both carbon ring and chain and the peak at 1345 cm-1 is assigned to the 

D1-band, corresponding to the defects within the carbon structure.37 

The ratio between the D1 and G band intensities (ID1/IG) is used to 

quantify the degree of structural disorder in the carbon materials.34 The 

ID1/IG value of the h-NCs was estimated to be ~1.1 while that of the XC-

72 was estimated to be ~0.85 (Figure S7 and S8), suggesting that the 

defect density in the h-NCs is much higher.38, 39 Based on the empirical 

formula models40, 41, we estimated that the crystallite size (related to 

the amount of crystal boundary, including dislocations, vacancies and 

so on)35 of the h-NCs (~6.6 nm) is much smaller than that of the XC-72 

(~14.2 nm). Correspondingly, the defect density of the h-NCs is roughly 

5 times higher than that of the XC-72 (Table S2). Both the atomic 

resolution STEM images and the Raman spectra confirm the existence 

of numerous edge defect sites in the synthesized h-NCs.  

When the Pd particles were deposited on the h-NCs, the ID1/IG ratio 

dropped by ~19% (Figure S8) and the defect density dropped by ~20% 

(Table S2). The significant decrease in the ID1/IG ratio and the defect 

density is most probably a result of strong metal-support interaction: 

the Pd particles interacted with the edges/defects of the h-NCs to form 

strong Pd-carbon bonds. It has been reported that hybridization of the 

d orbitals of the Pd atoms with the s and p orbitals of the adjacent C 

atoms leads to strong electronic interaction and electron transfer from 

the Pd particles to the carbon support, resulting in positively charged Pd 

particles.42-44 The strong edge anchoring of the Pd particles not only 

makes them stable during hydrogenation reactions but also tunes their 

catalytic properties to yield higher selectivity for hydrogenation of 3-

nitrostyrene to 3-ethylnitrobenze.  

When the Pd particles were deposited on the XC-72, the ID1/IG ratio 

dropped only slightly by ~1% compared to that of the pure XC-72 (Figure 

S9), suggesting that the deposition of the Pd particles did not 

significantly affect the carbon structure due to a weak interaction 

between them. The slight decrease (6 ~ 8%) of defect number density 

(Table S2) further indicates that the graphitic XC-72 carbon cannot 

efficiently bond with and anchor Pd particles, resulting in the lower 

stability of the Pd/XC-72 catalyst during selective hydrogenation of 3-

nitrostyrene to 3-ethylnitrobenze. 

In order to further unravel the electronic properties of the 

supported Pd nanoparticles, the X-ray photoelectron spectroscopy (XPS) 

experiments were conducted on the Pd/h-NC and Pd/XC-72 catalysts 

(Figure S10). After a deconvolution processing of the Pd 3d5/2 peak 

obtained on the Pd/XC-72, the two peaks located at 338.0 eV and 337.3 

eV were assigned to the oxidation states of PdO2 and PdO, 

respectively.45, 46 For the Pd/h-NC catalyst, the two peaks are located at 

337.9 eV (assignable to the PdO2 species) and 337.0 eV. The peak at 

337.0 eV, however, is between the values of Pd1+ (335.5 eV) and Pd2+ 

(337.3 eV).47 Therefore, this peak can be attributed to the electron-

depleted Pd atoms (Pdn+, 1< n <2), resulting from electron transfer from 

the Pd species to the carbon support,33 corroborating the Raman result 

(Figure S8). Under hydrogenation reaction conditions, the Pd oxide 

species can be easily reduced to metallic state and form PdHx species48, 

resulting in  decrease of selectivity.5 The carbon-bonded Pd species 

maintain their valence state due to charge transfer and the electron 

depletion induces downshift of the d-band center of the Pdn+ species 

and thus reduces the binding strength of the dissociatively adsorbed 

hydrogen.5, 49 The weakly bound, active hydrogen species associated 

with the interfacial regions between the Pd particles and the graphene 

pieces enable selective hydrogenation on Pd/h-NC catalyst with high 

activity.8, 9, 50 

The active centers that weakly bind dissociated hydrogen species 

may exhibit high selectivity but they often have high activation energy 

for H2 dissociation since the activation energy of a reaction is usually 

inversely proportional to the adsorption strength of the intermediates, 

limiting the activity of these catalysts.8, 50, 51 In order to unravel the 

nature of H2 activation on the h-NC supported Pd particles, we 

conducted the hydrogen oxidation experiment on the Pd/h-NC and 

Pd/XC-72 catalysts. In the temperature range of 20 oC to 50 oC, the H2 

reaction rate on the Pd/h-NC is much higher than that on the Pd/XC-72 

(Figure S11 a-b). The activation energy (Ea) of H2 oxidation on the Pd/h-

NC is 11 kJ/mol while the Ea of the Pd/XC-72 is 31 kJ/mol, clearly 

suggesting that the h-NC supported Pd nanoparticles can much more 

easily dissociate H2. From the above experiments we conclude that 

when compared with that on the Pd/XC-72, the synthesized Pd/h-NC 

catalyst provides more activated and weakly bound hydrogen species. 

As a result, the Pd/h-NC catalyst exhibits the excellent activity and 

selectivity for selective hydrogenation of 3-nitrostyrene. 

In summary, we developed a mesoporous nanocarbon supported 

Pd nanoparticle catalyst for selective hydrogenation of the C=C bond in 

the presence of -NO2 (selective hydrogenation of 3-nitrostyrene). The 

presence of high number density edge/defect sites in the synthesized h-

NCs enhances the interaction between Pd species and the carbon 

support, resulting in electron transfer from Pd to carbon and thus 

forming a strong Pd-C bond. Such strong electronic interaction not only 

enables facile H2 dissociation but also enhances the diffusion of the 

dissociated H species. The synthesized Pd/h-NC catalyst yielded a 

selectivity of 97%, stable up to 4 cycles, and a TOF of 21,845 /h for 

selective hydrogenation of 3-nitrostyrene to 3-ethylnitrobenzene, more 

than 80 times higher than that of the best catalyst reported in 

literature.23 This work provides insights in understanding the effect of 

anchoring metal nanoparticles by edge/defect sites in carbon supports 

on selective hydrogenation reactions. The strategy of engineering 

carbon edge/defect sites to anchor Pd nanoparticles to tune catalytic 
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properties can be applied to other types of metals for various types of 

catalytic reactions.   
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