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Porous Carbon Networks with Nanosphere-Interconnected 
Structure via 3-Aminophenol-Formaldehyde Polymerization

Abstract: Although mesoporous carbon materials with hierarchical nanostructureshave been produced by the synthesis of hybrid nanoparticles with a silicon dioxide(SiO2) core and a shell of resorcinol formaldehyde resin, it still remains a challengeto effectively tune the pore size distribution. Among a series of phenol derivatives,3-aminophenol was found to exhibit not only excellent tunability of the size and lowroughness of the sphere surface but also high pyrolysis yields in the synthesis of car-bon nano/microspheres. Here, we report that mesoporous carbon networks with abimodal pore size distribution in their hierarchical nanostructure were prepared by 3-aminophenol and formaldehyde polymerizationon the SiO2 cores. In particular, the systematic control of the ratio of carbon precursors and silica nanoparticles provides a better controlof the microstructure in hybrid nanoparticles with a shell of variable thickness composed of well-defined 3-aminophenol and formalde-hyde resins, resulting in the tunability of their pore size distribution.
Keywords: 3-aminophenol, porous carbon, hollow carbon sphere, interconnected carbon.
1. IntroductionCommon usage of porous carbon materials in the fields of catal-ysis, adsorption, electronics, and energy conversion/storagehighly depends on their nanostructures such as pore size, poredistribution, and shell thickness.1-5 Due to their critical role inthe material performance, many efforts have been invested indeveloping a suitable design and controlled fabrication ofnanoporous organic polymers and carbon materials to achievea wide variety of well-defined nanostructures such as ordered/disordered mesoporous/macroporous carbons, hollow carbonspheres, and hierarchical porous carbons.5-9 In particular, hardor soft templating methods based on the incompatibility betweenthe templates and carbon precursors are the most popular andeffective to control the nanoporous structures defined by thesize and shape as well as the volume ratio of the templates.6-11For example, Schuster et al. demonstrated the nitrogen-dopedporous hollow carbon spheres for improving lithium-sulfurbatteries using hard templates (i.e. silica nanoparticles) and Liu
et al. reported mesoporous (~3.5 nm) carbon nanosphereswith particle size from 80 to 400 nm using soft templates suchas cationic fluorocarbon surfactant and triblock copolymer.9,10 Phenolic resins have been widely used as carbon precursor

for the synthesis of various nanostructured carbon materialsdue to their thermal stability, high carbon yield and versatilechemical properties in various applications such as adsor-bents, supercapacitors, and lithium-ion battery electrodes.12-14For example, Pekala reported that the polycondensation ofresorcinol with formaldehyde results in the cross-linking oftheir clusters (i.e. resorcinol-formaldehyde gel; RF), which wasfurther used as carbon precursors.15 In addition, the RF polym-erization mechanism was shown to be similar to the sol-gelprocessing of silica where silica sphere or network is preferen-tially formed depending on the acid or base condition.16,17 Recently,Stöber method was extended to prepare monodisperse RF resinparticles where carbon spheres were obtained by a simple car-bonization of the resin spheres.15 However, a precise control ofthe surface properties of the resultant polymer resin spheres isa still challenge due to the high concentration of the RF precur-sor used in the synthesizing process. For instance, Han et al.reported a facile route to fabricate nanoporous carbons byresorcinol-formaldehyde polymerization in the presence of sil-ica nanoparticles and subsequent carbonization and silica etch-ing.18 However, in this approach the pore size distribution (i.e.about 10~100 nm) is not well controlled due to insufficientcoating of resorcinols onto the individual silica nanoparticles ofaggregates. Recently, Zhao et al. investigated a series of phenol deriva-tives such as 2-aminophenol, 3-aminophenol, 4-aminophenol,3-methylphenol, and 1,3,5-trihydroxybenzene for the synthe-sis of monodisperse resin and carbon nanospheres throughhydrolysis and condensation in the basic condition.19 Amongthese candidates, 3-aminophenol-formaldehyde (3-AF) resin
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Macromolecular Research was shown to provide the size tunability of nanospheres aswell as significantly reduced roughness of the particle sur-faces.14,19,20 In this work, we demonstrate the porous carbon networkswith controlled pore sizes in a nanosphere-interconnectedstructure by replacing a resorcinol (with two hydroxyl groups)with 3-aminophenol (with a hydroxyl and an amine group) ascarbon precursor. In particular, amine groups of 3-AFs wouldshow more preferential attraction with the hydroxyl groups onthe surface of the silica nanoparticles compared to hydroxylgroups of RFs, leading to more uniform coatings of resin on theindividual silica nanoparticles of aggregates. A network of 3-AFresin allows the formation of the nanosphere-interconnectedstructure that results in the hierarchical nanostructure withpore sizes of ~13 nm and ~50 nm in porous carbon networks,providing a route to strategically design the porous carbonmaterials with a controlled nanostructure.
2. Experimental

2.1. Materials SiO2 nanoparticles (~13 nm) were obtained from Sigma-Aldrich(Ludox, ~30 wt%). 3-aminophenol (>98%) and formaldehyde(35~38 wt%) were purchased from Alfa Aesar and DaejungChemicals & Metals Co., Ltd, respectively. Anhydrous ethanoland ammonium solution (NH3H2O) (25%) were purchasedfrom Samchun Chemical. All chemicals were used as received.
2.2. Synthesis of porous carbon networks Core-shell silica nanosphere composites were synthesized asfollows : Silica nanoparticles (20 mL) were dispersed in a mixedsolvent of deionized water (200 mL) and ethanol (100 mL) andsonicated for 3 h. Subsequently, 3-aminophenol was added intothe silica suspension to make a certain molar ratio of 3-amino-phenol to silica (1:5, 1:10, and 1:50) that were denoted as PoC-1,PoC-2, and PoC-3, respectively, and kept stirring (Figure 1). Toadjust the pH (~10) a small amount of ammonium solutionwas added, and then a certain amount of formaldehyde solu-tion was added to the reaction mixture, in which the mole ratiobetween 3-aminophenol and formaldehyde was fixed at 1:1.4.The mixture was continuously stirred overnight at room tem-

perature. The brown precipitates were removed by centrifuge,and the supernatant was dried and washed three times withdeionized water and once with ethanol. 3-AF-coated silicananoparticles were obtained by drying under vacuum at 80 oCfor 5 h. The resulting sample was heated in a quartz tube to 800 oCat a rate of 5 oC/min in Ar atmosphere, kept for 8 h at this tem-perature. Finally, porous carbon materials were obtained byetching the resulting carbon-coated silica nanoparticles withHF, and then drying at 80 oC overnight.
2.3. Characterization Transmission electron microscopy (TEM) images were obtainedusing a JEM 2100 electron microscope operated at 200 kV.Scanning electron microscopy (SEM) images were taken usinga Hitachi S-4800. Fourier transform infrared spectroscopy (FTIR)spectrum (500-3500 cm-1) was measured using a BrukerALPHA-P in the transmission mode. Raman scattering spec-trum (1000-2000 cm-1) measurement was performed using aHoriba LabRAM HR-800 with an Ar ion laser. UV-vis absorp-tion spectra were obtained using a Shimadzu UV-2600 spectro-photometer. Nitrogen adsorption-desorption isotherms werecarried out at 77 K using a BELSORP-max analyzer. The spe-cific surface area was calculated by the Braunauer-Emmett-Teller (BET) method. Thermogravimetric analysis (TGA) wascarried out under N2 atmosphere at a heating rate of 5 oC/minusing a Mettler-Toledo TGA/DSC1. 
3. Results and discussionCarbonization of 3-AF-coated silica nanoparticles and the removalof silica cores was investigated using a FTIR as shown in Figure 2.The narrow absorption peaks (1050 and 850 cm-1) owing to Si-O-Si covalent bondings completely disappear after HF etching,confirming the removal of silica cores. For the samples withhigher amounts of 3-AF compared to the silica templates (PoC-1and PoC-2), aliphatic and aromatic C-H bonds are dominantlypresent while PoC-3 exhibits more significant absorbance peakscorresponding to functionalized carbons (C-OH and C-H). Thisresult can be understood as a consequence of the thinner carbonlayers with higher surface areas, which results in functional-ized carbon materials by harsh chemical environments duringthe procedure for silica etching. Characteristics on the mor-

Figure 1. Preparation procedure of the formation of porous carbon networks. 
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phology of the porous carbon microstructure (PoC-1 and PoC-3)confirms the above FTIR results as shown in the SEM images(Figure 2, insets). PoC-3 exhibits an interconnected network mor-phologies of thin carbon layers with a uniform pore size whilePoC-1 shows an ill-defined microstructure due to non-uniformdispersion of silica nanoparticles and 3-AF. Figure 3(a) and 3(b) depict transmission electron images ofthe neat silica nanoparticles with an average diameter of ~13 nmused as hard template. After a series of process including 3-AFcoating, carbonization, and HF etching, the porous carbon net-works were obtained as shown in Figure 3(c)-(h), revealing thedependence of their characteristic structures on the molarratio of 3-aminophenol to silica. At low ratio, a broad distribu-tion of pore sizes is observed in the ranges of 20~100 nm andtheir shape and structure is not well defined as shown in Fig-ure 3(c) and 3(d). These irregularly shaped mesopores couldbe associated with the formation of the 3-aminophenol-formal-dehyde gel in the presence of the aggregation of silica nanopar-ticles. Zhao et al. reported that the formation of 3-AF resinnanospheres was not observed when the concentrations of 3-aminophenol are much less than 3.27 mmol/L since no emul-sion droplets were formed at the precursor concentration lessthan critical micelle concentration (CMC).19 In this work, theconcentration of 3-aminophenol was kept much lower (about8×10-6–8×10-5 mmol/L) than the CMC, and thus no 3-AF resinnanospheres were observed. Rather, 3-AF resin will induce agel layer formation on the surface of the aggregates as well asfree 3-AF gels during the reaction. This is consistent with theprevious observation for porous carbon materials prepared byRF resin with silica templates.18 As the molar ratio of 3-amino-phenol to silica decreases, uniform pores with the size corre-sponding to the silica nanoparticles (i.e. ~13 nm) are observedin Figure 3(e) although there are still many mesopores with

larger pore sizes (Figure 3(f)). More significant changes in themorphology of porous carbon networks occur at the lowest molarratio (1:50) as depicted in Figure 3(g) and 3(h). In particular,Figure 3(g) reveals a development of porous carbon network,in which magnified image (Figure 3(h)) highlights the detailedmorphologies of nanosphere-interconnected structures.To evaluate the microstructure of the pores depending onthe molar ratio of 3-aminophenol to silica, the N2 adsorption-desorption isotherms and the corresponding pore size distri-bution of porous carbon networks are obtained as shown inFigure 4. The hysteresis at the high pressure of N2 adsorption-desorption isotherms of all these carbon materials strongly

Figure 2. FTIR spectra of PoC-1, Poc-2, and PoC-3 before (dashed lines)and after (solid lines) removal of silica core nanoparticles. Insets showcorresponding SEM images after silica etching. 

Figure 3. Transmission electron micrographs at low and high magni-fication of (a, b) neat silica nanoparticles (d~13 nm), (c, d) PoC-1(1:5), (e, f) PoC-2 (1:10), and (g, h) PoC-3 (1:50) prepared by differentratios of 3-aminophenol to silica, respectively.
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suggests the presence of mesopores (Figure 4(a)). The poresize distribution of PoC-1 was quite broad in the ranges of20~200 nm, consistent with the electron micrographs in Fig-ure 3(c) and 3(d). This result indicates that 3-AF resin gels areformed around the silica aggregates in basic condition of pH ~8by adding ammonia solution, however, they do not seem to fillthe interstitial regions between the individual silica nanoparti-cles since a pore size distribution corresponding to the size of

silica nanoparticles is not observed in case of PoC-1 (Figure4(b)). Such a broad pore size distribution arising from uncon-trolled coating of 3-AF resins onto the aggregates is consistentwith the previous results observed in similar systems except usingresorcinol-formaldehyde instead of 3-aminophenol- formalde-hyde.18Interestingly, a bimodal pore size distribution appears whenthe concentration of 3-AF resins decreases to 1:10 for PoC-2with larger pores of ~50 nm and smaller pores (~21 nm). Inparticular, the size of smaller pores further decreased to 14 nm(PoC-3) corresponding to that of silica nanoparticles while largerpores exhibit similar pore size distribution (i.e. 50~100 nm).This indicates that relatively low concentrations of 3-amino-phenol and formaldehyde effectively form a more uniform 3-AF layer on the surface of each silica nanoparticle consisting ofaggregates, resulting in the nanosphere-interconnected car-bon networks as illustrated in the inset of Figure 4(b). Low andhigh magnification TEM image in Figure 3(g) and 3(h), confirmsthat the nanopheres are 3-dimensionally interconnected witheach other in carbon networks, resulting in the bimodal poresize distribution arising from the each nanospheres (i.e. smallerpores ~13 nm) and interconnected nanospheres (i.e. largerpores ~50 nm) originated from the aggregates, respectively.Due to the hydroxyl groups on the surface of SiO2 in the eth-anol/water mixture, 3-aminophenol would form an adsorbedlayer on their surface via hydrogen bonding between amino (-NH2)and hydroxyl (-OH) groups of 3-aminophenol and SiO2, respec-tively.21 Upon the addition of formaldehyde into the solution, 3-aminophenol, formaldehyde, and ammonia react to form themixtures of addition and condensation compounds such ashydroxymethyl and benzoxazine derivatives, resulting in the 3-AF resin/SiO2 core-shell structures.15,22-25 Here, we need to notethat careful control of 3-aminophenol amounts on SiO2 plays acrucial role to determine the microstructure of 3-AF resin/SiO2(i.e. porous carbon materials) since an excess of external 3-aminophenol in the mixture would be able to react with form-aldehyde and produce uncontrolled structures of 3-AF in theabsence of SiO2 templates. Also, an amine group (-NH2) of 3-aminophenol would be more effective to form the phenol layeraround SiO2, compared to resorcinol with two hydroxyl groups(-OH), which is uniquely distinguished from the other ones bymeans of various templates. Therefore, these results clearly

Figure 4. (a) N2 adsorption-desorption isotherm and (b) the corre-sponding pore size distribution of the sample PoC-1, PoC-2, and PoC-3.Each curve is shifted successively to enhance clarity of the graphic.

Figure 5. (a) Transmission electron image depicting the hollow carbon nanoparticles. (b) Raman spectra and (c) the corresponding opticalabsorbance of the PoC-1, PoC-2, PoC-3, respectively. Each curve is shifted successively to enhance clarity of the graphic.
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demonstrate that the uniform 3-AF resin coating at lower molarconcentrations form the hierarchical nanostructure of nano-sphere-interconnected carbon networks.A formation of carbon layers consisting of about five to eightgraphene layers in the nanosphere-interconnected networks(Figure 5(a)) reveals a development of uniform and densenanographene islands with a mixed amorphous and polycrys-talline nature. In order to confirm the growth of crystallinegraphene, Raman spectroscopy was employed for PoC-1, PoC-2,and PoC-3. Figure 5(b) exhibits broad peaks occurred around1360 (D band due to breathing modes of sp2 carbon atoms inrings) and 1580 cm-1 (G band arising from the graphitic carbonphase with the bond stretching between pairs of sp2 carbonatoms).26,27 The reduced D-to-G band peak intensity ratio (ID/IG)of ~0.9 suggests that they possess relatively higher degree ofgraphite structures. This is also confirmed by the optoelectronicproperties of PoC-1, PoC-2, and PoC-3 arising from the  statesof the sp2 sites, in which the main absorbance peak attributedto -* transitions of C=C in the reduced graphene oxide occursat around ~260 nm whereas no shoulder peaks at ~300 nm,attributed to n-* transitions of C=O (Figure 4(c)).28
4. ConclusionsIn conclusion, porous carbon networks with a nanosphere-interconnected structure were successfully synthesized via 3-aminophenol and formaldehyde polymerization in the pres-ence of silica nanoparticles, followed by carbonization. System-atic investigation of the ratio of carbon precursors and silicananoparticles showed that the microstructure of porous car-bon materials was closely related to their preferential distribu-tion onto the surface of silica nanoparticles, yielding structurallycontrolled hybrid nanoparticles with a SiO2 core and a shell ofvariable thickness composed of well-defined 3-AF resins. For-mation of nanosphere-interconnected network at lower con-centration of 3-aminophenol to silica clearly showed the bimodalpore size distribution with a high degree of structural orderand more wide controllability, compared to the resorcinol andformaldehyde resins, which is associated with the hollow car-bon nanospheres corresponding to the size of SiO2 cores (~13 nm)and their aggregates (~50-100 nm). Fine control of the nano-structure in the carbon materials can open up new opportuni-ties for high-performance nanoscale applications that requirean efficient fabrication method for preparation of the meso-porous carbon networks. 
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