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Abstract: A new practical method for construction of 3D porous 
carbon was developed through molecular design via one step 

synthesis from commercially available carbon tetrabromide and 
bis(trimethylsilyl)acetylene on a gram-scale,  and the obtained 

porous carbon has well-defined sp1-sp3 all-carbon structure (C13), 

high stability and also high surface area. 

Introduction 
 

Porous carbons generally have high surface area and large 

pore volume and have widely applications as adsorbents, 

catalysts, carriers of active materials, and electronic and 

energy storage materials.[1-3] Activated carbons as the mostly 

known porous carbons are generally prepared by pyrolysis of 

natural sources, like fruit pits, wood or charcoal and followed 

by a partial oxidation leading to the development of the inner 

porosity. During the past decade, the rapid development of 

nanotechnology has boosted the carbon field,[4,5] and a 

number of novel carbons with unique morphologies (such as 

carbon nanospheres, graphene or sheet-like carbons, and 

ordered mesoporous carbons) and compositions (such as 

nitrogen-doped carbons and carbon nitrides) are emerging.[6,7] 

Recently, the molecular design of porous carbon from 

pyrolysis of predefined building blocks,[8,9] in particular metal-

organic and covalent frameworks, has been a tremendous 

success approaching record porosities and also integrating 

predefined molecular functionality into pore walls. Through 

molecular design, the intrinsic materials properties of carbon 

materials are tailored and adjusted by defining its surface 

polarity, pore size or by providing directed interaction with 

functional groups. However, the details of carbon structure 

through these methods are not clear via pyrolysis due to the 

reconstructed process during the high temperature. More 

recently, Ben et.al reported the first sp1-sp3 hybridized porous 

carbon directly through organic synthesis via a catalytic 

Eglinton homocoupling of ethynyl methane.[10] The porous 

carbon prepared demonstrated good electron conductivity, 

high porosity and high lithium-ions uptake. Although the 

synthesis of sp1-sp3 hybridized porous carbon needs complex 

muti-steps, the synthetic method provides a new family of 

porous carbon materials with well-defined carbon structure 

and special properties compared with conventional porous 

carbon. 

In this work, we develop a new practical method for 

construction of 3D porous carbon through molecular design 

via one step synthesis from commercially available carbon 

tetrabromide and bis(trimethylsilyl)acetylene on a gram-scale. 

The obtained porous carbon has well-defined sp1-sp3 all-

carbon structure (C13), high stability and high surface area. 

Furthermore, the same approach has been applied in the 

synthesis of sp1-sp2-sp3 porous carbon analogue (C123). 

Moreover, the porous carbon is successfully used to support 

small size Rh (less than 1 nm) without assistance of any 

nitrogen or other functional groups. The supported Rh catalyst 

shows excellent activity for hydroformylation of styrene with 

high TON number (~1558), and demonstrates better catalytic 

performance in the hydroformylation than activated carbon 

supported Rh catalyst or even the analogue homogeneous 

catalyst. Therefore, this easily achievable porous carbon 

provides practical perspectives for synthesizing small size 

metal catalyst for catalytic processes. 

 

 

Scheme 1. Reported synthesis approach for sp1-sp3 all carbon framework.   

Results and discussions 
 

Porous carbon materials with molecular level designed 

structure have great potentials in various applications. The 

first sp1-sp3 hybridized porous carbon was reported and 

demonstrated potentials in energy storage application due to 

its specific sp1-sp3 carbon framework.[10] It represents a new 

family of porous carbon materials with well-defined carbon 

structure and property as compared with conventional porous 

carbon materials, but it was synthesized via five-step reactions 

under tedious and harsh conditions (scheme 1). We envisaged 
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a simple and robust one-step synthesis protocol by 

nucleophilic condensation reaction (Scheme 2). 

Bis(trimethylsilyl)acetylene is activated by floride and then the 

nucleophilic acetylene anion attacks carbon (CBr4) to form the 

first sp1-sp3 bond. This nucleophilic condensation reaction 

continuously carries on and eventually forms targeted sp1-sp3 

carbon framework in high yield. The same methodology can 

be extended to other acetylene monomers, such as 1,4-

bis[(trimethylsilyl)ethynyl]benzene. In this case, a framework 

constructed by sp1-sp2-sp3 carbon is produced. 

Scheme 2. One-step synthesis of (a) sp1-sp3 all carbon framework (C13) and 

(b) sp1-sp2-sp3 carbon framework (C123). DPS means diphenyl sulfone. 

      Fig. 1 shows the XPS analysis of C13 and C123. For the C13, C1s 

peak at 284.6 eV is assigned to carbon with sp3 hybridization 

and peak at 285.2 eV is assigned to carbon with sp 

hybridization, indicating the formation of the sp1-sp3 all-

carbon framework.[10] The peak at 286.7 eV assigned to carbon 

bonded to bromine, confirms that the surface carbon is 

terminated with bromine atoms. For the C123, C1s peak at 

284.6 eV is assigned to carbon with sp3 hybridization, the peak 

at 285.6 eV is assigned to carbon with sp hybridization and the 

peak at 285.1 eV is assigned to carbon with sp2 hybridization, 

indicating the formation of the sp1-sp2-sp3 carbon 

framework.[10] The solid-state 13C NMR spectrum of C13 shows 

two broad peaks at around 130 and 50 ppm (Fig. S1), which 

can be assigned to C(sp) and C(sp3) respectively.[10] The solid-

state 13C NMR spectrum of C123 shows broad peaks at around 

130 (with shoulders at 124 and 138 ppm) and 51 ppm, which 

can be assigned to C(sp2), C(sp) and C(sp3) respectively. There 

is a shoulder peak appeared between about 140 and 150ppm 

which is possibly due to the unreacted C-Br structure retained 

in the framework. The assessment of the nitrogen uptake 

isotherm at 77 K indicates that both C13 and C123 possess 

micropores (Fig. S2). The BET surface area for C13 and C123 are 

SABET = 453 m2 g-1 and 1092 m2 g-1, and the total pore volumes 

are about 0.95 and 0.36 cm3 g−1, respectively. The pore size 

distributions of the C13 and C123 are around 0.83nm and 1.63 

nm, respectively (Fig. S3). The higher surface area of C123 

related to the 1,4-Bis[(trimethylsilyl)ethynyl]benzene as a 

larger and more active building block. SEM studies revealed 

the spontaneous packing of C13 and C123, and consequently 

formed sphere-like and foam-like nanostructures (Fig. 2). In 

addition, the synthesized materials have also been 

characterized by FTIR and SEM-EDX (Fig. S4, S5). Thermal 

gravimetric analysis shows that the degradation of C13 and C123 

starts at 400 oC and 300 oC, respectively, showing good 

stability (Fig. S6). XRD spectra indicate that these materials are 

amorphous (Fig. S7). 

  
 
 
 
 
 
 
 
 

Figure 1. Fitted C 1s XPS spectra of C13 and C123. (a) C13, (b) C123. 

 

Figure 2. SEM images of C13 and C123 (a) C13, (b) C123.  

In the past decades, a lot of efforts have been devoted to 

heterogenization of homogeneous catalysts by introducing 

supporting materials, such as porous carbon, inorganic porous 

materials and organic polymers.[11] Despite notable 

achievements, the immobilization process often causes 

significant decrease in catalytic activity and selectivity because 

only the metal atoms on the surface of the material are 

effectively involved in the heterogeneous catalysis process. To 

overcome this problem, use of smaller metal particles with 

high surface/volume ratios has been the preferred choice. In 

this respect, the most efficient approach to utilizing metal 

catalyst is to downsize the metal to nano scale, even to 

atomically dispersed species.[12-16] Nonetheless, loading small-

sized metal catalyst in pure porous carbon materials is 

particularly challenging due to the weak interaction between 

metal and carbon. Current methods often involves the 

introduction of nitrogen or other functional groups to stabilize 

the small metal particles/clusters by strong binding.[17-19] 

However, materials C13 and C123 have electron rich C≡C triple 

bone in their framework which could provide good binding site 

for late transition metals. Therefore, C13 and C123 have as the 
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potential to be directly used as supports to prepare 

heterogeneous catalysts. 

Hydroformylation of olefins is an important catalytic 

reaction for aldehyde synthesis, with more than 10 million 

tons produced globally on an annual basis.[20-22] Because of the 

good chemo- and regioselectivity, Rhodium-based 

homogeneous systems for hydroformylation of olefins are 

widely applied in industrial processes. Nevertheless, the 

development of Rh based heterogeneous catalysts has 

attracted considerable attention due to their significant 

advantages over homogeneous catalysts in terms of 

recyclability and catalyst separation.[23-27] After screening a 

series of solvents and methods, we established a useful 

strategy to support the Ru species on the surface of the as-

prepared carbon material by suspending RhCl3 and C13 or C123 

in ethylene glycol. Fig 3 shown the TEM image of 0.5 wt% Rh 

supported on the alkynyl carbon before reaction. There are no 

detectable Rh species in the TEM images under high 

magnification, meaning the size of Rh species was at least sub-

nanometer sized.  

 

 

Figure 3. TEM image of C13-Rh with loading 0.5% wt Rh based on C13, (a,b) 

before reaction and (c,d) after reaction.  

    The catalytic performances of C13 and C123 materials 

supported-Rh were then evaluated in the hydroformylation of 

styrene with syngas. The 0.5%Rh/ C13 performed an excellent 

TOF of 1558 h-1 in the first round, which is better than lots of 

catalyst in previous reports and also much better than the 

benchmark catalysts (Table 1), such as Rh supported on 

activated carbon, commercial carbon, ion solution with equal 

Rh content. Although the surface area is low for 0.5%Rh/ C13, 

it is more active than 0.5%Rh/ C123, which afforded a TOF value 

of 404 h-1 under identical conditions. The excellent activity of 

the 0.5%Rh/ C13 is possibly due to the special sp1-sp3 full 

carbon property of the 3D structure. Unfortunately, the 

activity in the second round decreased from 1558 to 750 h-1, 

in spite of we tried several ways to stabilize the Rh species. 

This deactivation is induced by the loss of Rh sites into solution 

by coordination with CO. Fig 3 shown the TEM image of 0.5 

wt% Rh supported on the alkynyl carbon after the first round 

reaction. There are still no detectable Rh species in the TEM 

images under high magnification, suggesting atom 

agglomeration is not the reason for reduced activity. 
 

 

 

Table 1. Catalytic performances[a] 

 

              
 

Entry Catalysts Conversion (%) TOF/h-1 

1 C13-Rh 13.5 1558 

2 C123-Rh 3.5 404 

3 AC-Rh 2.8 323 

4 CC-Rh 9 463 

5 RhCl3 0.6 <100 

[a] Reaction conditions: Styrene 0.5mL, catalysts 10 mg, CO 1MPa, H2 1MPa, 

toluene 1.5 mL, temperature 100 oC, time 1 h, AC = activated carbon, CC = 

commercial carbon. 

 

Conclusion 
 

A simple and practical method for constructing sp1-sp3 all 

carbon framework was achieved. The same approach has also 

been applied in the synthesis of a sp1-sp2-sp3 porous carbon 

analogue. The synthesized acetylene-rich porous carbon 

material is successfully used to support small size Rh (less than 

1 nm) in air. The supported Rh catalyst shows excellent activity 

for hydroformylation of styrene using CO + H2 with high TOF 

number (~1558 h-1). 

Experimental Section 

See the Supporting Information for full experimental details.  

Synthesis of porous carbon (PC)  Bis(trimethylsilyl)acetylene (1.36 

g, 8 mmol), carbon tetrabromide (1.32 g, 4 mmol) and CsF (3g, 20 

mmol) were added to a 20 mL stainless steel reactor with diphenyl 

sulfone (10 g). The mixture was heated in the oven at 250 oC for 

overnight. Then, the reactor was cooled to room temperature, and 

the products were washed with 40 mL NaOH solution (1 mol/L) and 

40 mL H2O, repectively. After that, the dark solid precipitate was 

collected by centrifugation. The resultant solid underwent further 

purification using Soxhlet extraction with methanol, and was dried 

at 60 oC under vacuum for 12 h to give porous carbon in 99% yield. 

 

Synthesis of porous carbon supported Rh (PC-Rh) and porous 

polymer supported Rh (PP-Rh)  A certain amount of RhCl3•xH2O 

(Rh/support: ~ 0.5 wt.%) and C13 or C123 were suspended in 

ethylene glycol with stirring at 330 K for 3 h. After centrifugation, 

the collected solid materials were dried at 330 K in air for 12 h. The 

obtained supported catalysts were directly used for reaction.  

Hydroformylation of styrene with CO + H2  The hydroformylation 

of styrene was conducted in a batch reactor. In a typical procedure, 

as-prepared Rh catalyst (10 mg), 0.5 mL styrene, and 1.5 mL toluene 
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were added into the a batch reactor. Then, the autoclave was 

flushed with H2 and CO mixture (10 bar of H2 and 10 bar of CO). 

After the batch reactor was sealed, it was heated to 100 oC in an oil 

bath for 2 h. After reaction, products were analyzed using an 

Agilent 7890A gas chromatograph (GC) equipped with a FID 

detector. 
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