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ABSTRACT: 

Functional nanoporous carbon spheres (NPC-S) are important for applications ranging from 

adsorption, catalysis, separation to energy storage and biomedicine. The development of effective 

NPC-S materials has been hindered by the fusion of particles during the pyrolytic process that 

results in agglomerated materials with reduced activity. Herein, we present a process that enables 

the scalable synthesis of dispersed NPC-S materials by coating sacrificial protective layers around 

polyacrylonitrile nanoparticles (PAN NPs) to prevent interparticle crosslinking during 

carbonization. In a first step, PAN NPs are synthesized using a miniemulsion polymerization, 

followed by grafting of 3-(triethoxysilyl)propyl methacrylate (TESPMA) to form well-defined 

core-shell structured PAN@PTESPMA nanospheres. The crosslinked PTESPMA brush layer 

suppresses crosslinking reactions during carbonization. Uniform NPC-S exhibiting diameters of 

~100 nm, with relatively high accessible surface area (∼424 m2/g), and high nitrogen content (14.8 

wt%) was obtained. When compared to regular nanoporous carbon monolith (NPC-M), the 

nitrogen-doped NPC-S demonstrated better performance for CO2 capture with a higher CO2/N2 

selectivity, an increased efficiency in catalytic oxygen reduction reactions as well as improved 

electrochemical capacitive behavior. This miniemulsion polymerization-based strategy for the 

preparation of functional PAN NPs provides a new, facile approach to prepare high-performance 

porous carbon spheres for diverse applications. 

KEYWORDS: nanoporous carbon, polyacrylonitrile, carbon, miniemulsion polymerization, core-

shell nanoparticle, SI-ATRP 
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INTRODUCTION 
Nanoporous carbons (NPC) are attracting significant scientific and technological interest due to 

their use in various applications including catalysis,1-2 water and air purification,3-4 and energy 

storage and conversion.5-6 Various synthetic strategies have been developed to prepare NPC, 

including direct carbonization of crosslinked/conjugated polymers and metal–organic frameworks 

(MOFs),7-8 high-temperature chlorination of carbide materials,9-10 self-assembly of block copolymer 

templates,11-17 and hard templated nanoporous silica and zeolites.18-20 

Recently, nanoporous carbon spheres (NPC-S) possessing unique properties of controllable 

porous structure and spherical morphology find applications in catalysis, adsorption, water and air 

purification, biomedicine, and energy storage and conversion.21 However, such nanoporous carbons 

are hydrophobic and have a limited number of active sites which impede their broader commercial 

applications.22 Doping of NPC-S with heteroatoms such as nitrogen, sulfur, oxygen, and fluorine 

resulted in significantly enhanced surface polarity, electrical conductivity, and electron-donor 

tendency of the mesoporous carbons.23-24 This enhanced NPC-S performance in CO2 capture, electric 

double-layer capacitors (EDLCs), fuel cells, and catalysis.25-26 Further improvements of NPC-S 

require synthesis of nitrogen-doped NPC-S with both high nanoporosity and unique catalytic 

properties within the carbon frameworks. 

Indeed, over the past decade, there has been explosive growth in the synthesis, characterization, 

and application of NPC-S materials. Synthetic strategies include templating,27 hydrothermal 

carbonization (HTC),28-29 emulsion polymerization,30 self-assembly,31 and modified Stöber methods.32 

Due to chain crosslinking and fusion between neighboring nanospheres during high-temperature 

carbonization, NPC-S materials often agglomerate, diminishing their performance. Thus, synthesis 

of uniform ‘individual’ NPC-S presents an outstanding challenge of significant technological 

relevance.33 
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Herein, we demonstrate a novel core/shell particle-based strategy for the preparation of uniform 

NPC-S with high surface area and high nitrogen content. This method is based on the miniemulsion 

synthesis of functional polyacrylonitrile (PAN) nanoparticles (NPs) and the subsequent grafting 

of poly(3-(triethoxysilyl)propyl methacrylate (PTESPMA) from the particles to form 

PAN@PTESPMA core/shell particles through surface-initiated atom transfer radical 

polymerization (SI-ATRP).34-36 The crosslinked PTESPMA layer acts as a protective shell and 

sacrificial barrier to avoid fusion of neighboring PAN cores during the carbonization process 

thereby generating individual NPC-S after removal of the outer shell. The prepared N-doped NPC-

S are effective catalysts in multiple applications. The presented easily scalable process forms NPC-

S with the desired nanostructure and functionality, as confirmed by enhanced performance in 

numerous applications. 

EXPERIMENTAL SECTION 
Chemicals. Acrylonitrile (AN, 99.9%, Acros), divinylbenzene (DVB, 80%, Aldrich), and (3-

(triethoxysilyl)propyl methacrylate (TESPMA, Acros) were purified directly before use by passing 

through a short alumina column to remove the stabilizer. Copper (I) chloride (99.999%, Aldrich) 

was purified by washing with acetic acid several times followed by filtration, and stored over 

nitrogen before use. 2,2′ -azobis(2-methylpropionitrile) (AIBN, 98%, Aldrich) was purified by 

recrystallization from ethanol. Copper (II) chloride (99.999%, Aldrich), 2,2-bipyridine (99%, 

Aldrich), N,N-dimethylformamide (DMF, Fisher), hexadecane (HD, ≥99%, Aldrich), sodium 

dodecyl sulfate (SDS, Aldrich), carbon tetrabromide (CBr4, 99%, Aldrich), and hydrofluoric acid 

(HF, 50 wt%, Acros) were used as received. 

Synthesis of functional PAN NPs by miniemulsion polymerization. Crosslinked PAN NPs 

were prepared via miniemulsion polymerization at 65 °C. In a typical synthesis, 0.8 g of HD and 
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0.3 g of AIBN were first added to a mixture of 15.0 g of AN and 1.8 g of DVB to form an oil 

phase. A portion of SDS aqueous solution was employed as the water phase. The mixture of oil 

phase and water phase was first pre-emulsified by mechanical stirring for 0.5 h and then the 

miniemulsion was prepared by sonication for 10 min in an ice bath and the polymerization was 

carried out at 65 °C in a 250-ml four−neck round bottom flask equipped with a reflux condenser 

and an agitator. After 30 min of polymerization, when the conversion was nearly 70%, a CBr4 

solution (0.01 g of CBr4 in 1.0 g of monomer) was added to the ongoing miniemulsion 

polymerization. The polymerization was allowed to proceed for 8 h under N2 atmosphere to obtain 

the crosslinked PAN NPs with accessible ATRP initiating sites on each particle. The yields of 

PAN NPs were determined to be 91 wt% by gravimetric analysis. The colloids were purified with 

MeOH and DI water to remove impurities by centrifugal technique before drying under vacuum. 

Preparation of PAN NPs with PTESPMA brushes by grafting via SI-ATRP. A suspension 

of the obtained PAN NPs (0.8 g) in 40 mL of anisole was mixed in a 100 mL dry flask with a 

stirring bar. After ultrasonication for 30 min and degassing with nitrogen for 30 min under stirring, 

TESPMA (8.0 g, 80 mmol), CuBr (0.0573 g, 0.4 mmol), and bpy (0.1248 g, 0.8 mmol) were added 

to the flask. Subsequently, the solution was frozen, and three freeze-pump-thaw cycles were 

performed to remove oxygen. Polymerization was then carried out at 60 °C under vigorous stirring 

for 24 h. The final product was recovered by precipitation in methanol. The obtained crosslinked 

PAN NPs with surface tethered PTESPMA brushes were rinsed with THF by repeated sequential 

centrifugation and then resuspended in THF. The monomer conversion was determined by 

gravimetric measurement. 

Preparation of N-doped NPC-S from PAN-g-PTESPMA brushes. The overall synthetic 

procedure is shown in Scheme 1. In a typical synthesis, a certain amount of crosslinked PAN NP-
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g-PTESPMA brushes was added to 10 mL of an aqueous ZnCl2 solution, and the concentration of 

ZnCl2 in the aqueous solution was adjusted to 60 wt% by adding water. The mixture was stirred 

for 24 h at room temperature and then the resulted PAN/silica solution was freeze-dried to obtain 

solid PAN/silica core/shell composite NPs. The composite was carbonized at 700 °C for 3 h under 

nitrogen to yield a silica–carbon particles followed by stirring in 50 wt% aqueous HF solution for 

12 h to generate individual N-doped nanoporous carbon spheres (NPC-S) after complete removal 

of the silica shell. For comparison, nanoporous carbon monolith (NPC-M) was obtained under the 

same procedure using pure PAN NPs as the precursor. 

Characterization. The resulting nanocarbon materials were studied by transmission electron 

microscopy (TEM) operating at 200 kV. Nitrogen adsorption isotherms were measured in a 

Micromeritics ASAP 2010 volumetric gas adsorption analyzer. X-ray diffraction (XRD) patterns 

were recorded on a Rigaku Geigerflex equipped with a theta/theta goniometer. The Raman spectra 

were collected using a Jobin Yvon T64000 triple Raman system (ISA, Edison, NJ) in a subtractive 

mode with microprobe sampling optics. The excitation was at 514.5 nm (Art laser, Model 95, 

Lexel Laser, Fremont, CA). X-ray photoelectron spectroscopy (XPS) was performed using an 

ESCALAB 250Xi X-ray photoelectron spectrometer microprobe, with a 900 µm spot size. 

Gas sorption measurements. Sorption isotherms of CO2 and N2 were collected using a 

Quantachrome Autosorb 1-C. Prior to measurements, samples were degassed at 300 °C under 

vacuum overnight. Brunauer–Emmett–Teller (BET) surface areas were determined from N2 

adsorption isotherms at 77 K. Multipoint BET measurements were performed at relative pressures 

(P/P0) in the range of 0.05-0.2 CO2 and N2 adsorption isotherms were conducted in the temperature 

and pressure ranges of 0-50 °C (only 25 °C for N2) and 0-760 Torr, respectively. The pore size 
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distribution (PSD) was obtained from Barett-Joyner-Halenda (BJH) method from the adsorption 

branch. 

Electrochemical measurements. A glassy carbon (GC) electrode (5 mm, from Gamry) was 

carefully polished with 3 μm, 1 μm, and 0.25 μm diamond successively to obtain a mirror-like 

surface. The electrode was then washed with double-distilled water and acetone and finally dried 

in air. Five milligrams of the selected carbon material were dispersed in 1 mL of a solvent mixture 

of Nafion (5%) and ethanol (1/9, v/v) by sonication for 1 h. Twenty microliters of the solution 

were drop-cast on the GC electrode surface and dried in air to obtain the catalyst loading of 0.5 

mg/cm2. Voltammograms were recorded at 25 °C with a Gamry Reference 600 potentiostat. 

Measurements were carried out at a scan rate of 10 mV/s or 100 mV/s using the nanocarbon-

modified GC disk as working electrode and a graphite rod counter electrode in Ar-saturated or O2-

saturated 0.1 M aqueous KOH electrolyte. Potentials were recorded versus an Ag/AgCl reference 

electrode. All potentials were converted to reversible hydrogen electrode (RHE) according to the 

equation: E (RHE) = E0 (Ag/AgCl) + E (Ag/AgCl) + 0.0059 × pH. 

Kinetics of the oxygen reduction reaction (ORR) process was followed by Koutecky-Levich 

analysis of linear sweep voltammograms using Koutecky-Levich equations: 
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where j (mA/cm2) is the measured current density, jK and jL (mA/cm2) are the kinetic- and 

diffusion-limiting current densities, ω is the angular velocity of the rotating disk (ω = 2πN, where 

N is the linear rotating speed in rpm), ne is the overall number of electrons transferred in ORR, F 

is the Faraday constant (96485 C/mol), C0 is the bulk concentration of O2 (1.2 × 10-3 mol/L), D0 is 
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diffusion coefficient of O2 (1.9 × 10-5 cm2/s), ν is the kinematic viscosity of the electrolyte (0.01 

cm2/s), and k is the electron transfer rate constant, respectively. The number of electrons transferred 

(ne) and the kinetic-limiting current jK can be obtained from the slope and intercept of the Koutecky–

Levich plots (1/j versus ω-1/2), respectively. 

Fabrication of supercapacitor devices. Electrochemical measurements were carried out on a 

potentiostat (Biologic SP-300) in a two-electrode system with 1 M aqueous Na2SO4 electrolyte. 

Electrochemical cells were prepared using a Teflon Swagelok with porous polyolefin separator 

(Celgard Inc.). The cyclic voltammetry (CV) curves were obtained at various scan rates from 2 to 

2000 mV/s in the range of 0 to 0.8 V. Galvanostatic charge-discharge (GCD) curves were obtained 

at various current densities from 0.1 to 20 A/g. Electrochemical impedance spectroscopy (EIS) 

measurements were performed in the frequency range of 0.1 Hz to 800 kHz with sinusoidal signal 

of 5 mV. The electrodes were fabricated by mixing the 70 wt% of NPC-S, 15 wt% acetylene black 

as a conductive additive and 15 wt% of poly(vinylidene fluoride) as a binder. The mixture was 

homogenized in NMP by sonication for 10 min and the slurry was deposited on a nickel foam with 

a diameter of 13 mm and dried in a 100 °C vacuum oven for 24 h. 

RESULTS AND DISCUSSION 
1. Formation of N-doped NPC-S templated from PAN NP brushes 
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Scheme 1. Schematic illustration of the process to synthesize NPC-S and NPC-M. (a) Formation 

of PAN NPs by miniemulsion polymerization, (b) Preparation of PAN NP-g-PTESPMA brushes 

from PAN NP cores by SI-ATRP, (c) ZnCl2 impregnation, thermal stabilization, and carbonization 

of PAN@PTESPMA under a nitrogen atmosphere to stabilize the structure of the nanostructured 

carbon/silica hybrids, (d) HF etching to generate NPC-S, and (a*) Preparation of NPC-M by direct 

carbonization of PAN NPs without protective shell. 

Scheme 1 illustrates the simple synthetic route developed to fabricate NPC-S starting from PAN 

NP precursor. The PAN NPs were prepared by miniemulsion polymerization followed by the 

surface chemistry mediated by a late addition of a CBr4 chain transfer agent to introduce at the 

surface of NP, a high concentration of alkyl bromides as ATRP initiators (Scheme 1a). Subsequent 

SI-ATRP grafting of poly(3-(triethoxysilyl)propyl methacrylate (PTESPMA) yielded PAN 

particles with surface tethered brushes of cross-linkable PTESPMA chains. A core/shell structured 

PAN@PTESPMA was subsequently obtained after shell crosslinking under basic conditions 

(Scheme 1b). Porous carbon/silica hybrids were obtained by ZnCl2 impregnation of the core, 

followed by thermal stabilization and carbonization (Scheme 1c). The thermal stabilization process 

was carried out under air and carbonization of stabilized PAN nanodomains, which concomitantly 

evaporate ZnCl2, was performed under an inert atmosphere. The crosslinked PTESPMA shell 

provided a layer of organosilica that prevented fusion of PAN NP cores during the carbonization 

procedure, thus generating individual NPC-S after removal of outer silica shell (Scheme 1d). 

However, without protective shell, NPC-M was obtained by direct carbonization of PAN NPs 

(Scheme 1a*). 

2. Morphology of PAN NPs and NPC-S 
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Figure 1. TEM images of (a) crosslinked PAN NPs, (b) core-shell structured PAN@PTESPMA 

nanospheres prepared by SI-ATRP, (c) NPC-S templated from PAN@PTESPMA nanospheres 

after the removal of protective shell, and (d) NPC-M prepared from crosslinked PAN NPs without 

the grafted PTESPMA. Scale bars are 100 nm in all figures. 

Transmission electron microscopy (TEM) images of PAN NPs, core-shell structured 

PAN@PTESPMA nanospheres, NPC-S templated from PAN@PTESPMA nanospheres, and 

NPC-M prepared from crosslinked PAN NPs without the grafted PTESPMA are shown in Figure 

1. Bromo-initiators for ATRP were immobilized on the surfaces of crosslinked PAN NPs by 

miniemulsion polymerization using CBr4 as the chain transfer agent.37 The as-prepared PAN NPs 

had quite a uniform size with a diameter < 100 nm (Figure 1a). After grafting from the surface of 

the PAN NPs, core-shell structured PAN@PTESPMA nanospheres were obtained and the average 

size of the NPs increased to ~170 nm (Figure 1b). A two-step thermal treatment of the prepared 

PAN@PTESPMA nanoparticles was employed to form N-doped NPC-S, as previously used to 

produce PAN-derived porous nanocarbons.14, 18 The stabilization of PAN core was achieved by 

heating the particles at 280 °C for 1 h under air, which resulted in partial crosslinking and 
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cyclization of PAN side chains. Subsequent carbonization at 700 °C for 2 h under a nitrogen 

atmosphere did retain nanostructure stabilized during the previous step.38 N-doped NPC-S were 

obtained after etching of the protective silica shell. Figure 1c shows images of the NPC-S revealing 

that the crosslinked PTESPMA shell was successfully removed to generate the desired individual 

carbon spheres. For comparison, PAN NPs without the grafted PTESPMA shell were also 

carbonized and instead of carbon spheres, NPC monoliths was obtained due to the aggregation and 

fusion of solid PAN NPs during the carbonization process, nevertheless, the derived carbon did 

retain a highly porous structure (Figure 1d). Therefore, the formation of NPC-S was mainly 

enabled by the cooperative formation of a crosslinked PTESPMA shell on the surface of PAN core 

templates. 

3. Structural and chemical identity of NPC-S 

 

Figure 2. (a) N2 adsorption and desorption isotherms and (b) the pore size distribution of the as-

prepared NPC-S and NPC-M. 
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Brunauer–Emmett–Teller (BET) surface area (SBET) was determined from N2 adsorption isotherms 

at 77 K. As displayed in Figure 2a, nitrogen sorption isotherms of the as-prepared porous carbons 

showed a hysteresis loop, indicating the existence of mesopores. The specific surface area (SSA) 

of NPC-S was ∼424 m2/g. However, the total SSA of NPC-M, formed without the protective shell 

of PTESPMA, increased up to about 1212 m2/g after the impregnation of ZnCl2. During pyrolysis, 

the presence of ZnCl2 not only promoted the carbonization process of PAN but enhanced mesopore 

generation after the evaporation of ZnCl2.39 The SSA of NPC-M was much higher than that of NPC-

S mainly because the protective shell of crosslinked PTESPMA impeded the penetration of ZnCl2 

to the core of PAN@PTESPMA nanospheres whereas the full impregnation of ZnCl2 enhanced the 

formation of highly porous structure of the aggregated NPC-M. The pore size distributions 

calculated using the Barrett–Joyner–Halenda (BJH) model show that the majority of the pores fall 

in the range of 2–10 nm for both NPC-S and NPC-M (Figure 2b). For comparison, without the 

addition of ZnCl2, the SSA of pure PAN homopolymer derived porous carbon (NPC-P) was only 

191 m2/g with a narrower pore size range, mainly below 3 nm (Figure S1), which confirmed the 

dehydration effect and activation role ZnCl2 played a key in the formation of the highly porous 

microstructure during the carbonization process. XPS confirmed that the residual zinc content in 

NPC-S was negligible, 0.0054 wt%, which means that the salt essentially evaporated during the 

carbonization process. 
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Figure 3. XPS N 1s spectra of the as-prepared NPC-S (a) and NPC-M (b). 

The nitrogen content of NPC-S and NPC-M were assessed by elemental analysis (combustion 

method), which showed contents of 14.8 wt% and 6.1 wt% respectively, indicating that under the 

selected pyrolysis conditions the PAN precursor yielded nanoporous carbons with high nitrogen 

content. The type of nitrogen species and the surface elemental composition of nanoporous carbons 

were evaluated by X-ray photoelectron spectroscopic (XPS) analysis. Survey spectra of the 

samples found the surfaces to be dominated by carbon, nitrogen, and oxygen as expected (Figure 

S2). The surface N contents of NPC-S and NPC-M were 14.0 wt% and 5.7 wt% respectively, 

which are comparable with the results of elemental analysis. The consistency between elemental 

analysis and XPS is indicative of nitrogen content being uniformly distributed throughout the bulk 

of the nanoporous carbon structure (Table S1). As shown in Figure 3, the nitrogen atoms of NPC-

S and NPC-M were chemically identified. The N 1s spectra of NPC-S and NPC-M were 
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deconvoluted to form three peaks which were attributed to pyridinic-N (N-P), pyrrolic-/pyridonic-

N (N-X), and pyridine oxide (N-O), respectively. The three peaks of NPC-S included N-P 

(398.9  eV), N-X (400.7  eV), and N-O (403.5  eV) indicating the presence of N-P (33.0%), N-

X (46.5%), and N-O (20.5%), respectively. Comparatively, the three peaks of NPC-M yielded N-

P (398.6  eV, 21.5%), N-X (400.5  eV, 43.2%), and N-O (402.5  eV, 35.3%), respectively. By 

comparing the calculated surface molar ratio of these peaks, the main difference between NPC-S 

and NPC-M was the quantitative content of N-P in the carbon frameworks yielding a fraction of 

N-P in NPC-S and NPC-M of 33.0% and 21.5%, respectively (Table S2). The pyridinic nitrogen 

(N-P) are bonded to two C atoms in six-membered rings at the edge of the graphitic carbon layer, 

which provides the predominant initial active sites for electrochemical behavior.40-41 In particular, 

the presence of N-P sites has been shown to be essential for the ORR.42 Therefore, the much higher 

yield of N-P in NPC-S will account for the enhanced comprehensive performance, which is 

discussed in the following sections. 
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Figure 4. XRD profiles (a) and Raman scattering spectra (b) of the as-prepared NPC-S. The curves 

were shifted vertically for a clear comparison. 

XRD patterns for the NPC-S and NPC-M are shown in Figure 4a. The observed broad Bragg 

peaks at 2θ of 25o, 45o, and 80o can be identified as the (002), (101), and (110) reflections of a 

partially graphitic structure, commonly observed in pyrolytic carbons. Raman spectroscopy 

provided further information on the surface and topology of the porous carbon materials. As shown 

in Figure 4b, the typical Raman spectra of NPC-S and NPC-M exhibited D bands at about 1349 

cm-1 with nearly the same bandwidth (<3% difference) and G bands located at 1610 and 1615 cm-

1, respectively. The G band corresponds to the sp2 carbon-bonded graphitic structure, which is 

beneficial for enhancing the electrical conductivity of carbon materials. The peaks G band were 

further decomposed into 2 Lorentzians for the D/G bands and a Gaussian, which is generally 

attributed to amorphous graphitic phase. The bandwidth of the G band was 21% narrower in the 
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NPC-S compared to the NPC-M indicating larger graphitic domains (Figure S3). Furthermore, the 

integrated D/G ratio is generally proportional to the degree of graphitization, which are 4.3 and 

4.6 for NPC-S and NPC-M, respectively.43-44 The lower integrated D/G ratio of NPC-S indicates that 

the sample has a higher degree of graphitization and thereby should exhibit the better electronic 

conductivity, which is desirable for use as electrode materials for energy storage devices. 

4. CO2 capture performance of NPC-S 

  

Figure 5. CO2 adsorption isotherms at different temperatures for NPC-S (a) and NPC-M (b). CO2 

and N2 adsorption isotherms at 298 K for NPC-S (c) and for NPC-M (d). 

The capture of CO2 has attracted considerable attention in recent years because it is the main 

anthropogenic contributor to climate change.45 Various porous solids including zeolites, metal-

organic frameworks (MOFs), covalent organic frameworks, polymers, and nanocarbons, have 

been investigated for CO2 capture.46-50 Among them, porous carbons have attracted intense interest 

due to the relatively low cost, simple fabrication, and high thermal stability of carbon.51-52 The 

adsorption properties of porous carbon are dependent on the pore structures and surface properties, 

including nitrogen content. As shown in Figure 5a, the CO2 sorption isotherms of N-doped NPC-

S showed high CO2 capacities of 4.1, 2.8, and 2.0 mmol/g at 273, 298, and 323 K, respectively. 
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Comparatively, as shown in Figure 5b, the CO2 sorption isotherms of N-doped NPC-M 

demonstrated much lower performance for CO2 capture with the adsorption capacity of only 2.1 

mmol/g at 298 K and 760 Torr, despite that NPC-M had a much higher SSA of 1212 m2/g. We 

interpret this surprising result as a consequence of higher nitrogen content of NPC-S. Nitrogen 

atoms should act as Lewis basic sites for anchoring acidic CO2 molecule thus increasing the CO2 

adsorption capacity.22, 53 This implies that the higher nitrogen content, 14.8 wt% in the NPC-S 

materials as compared to 6.1 wt% for NPC-M, generated more exposed basic sites which resulted 

in the enhanced interactions between N-containing functional groups and CO2, and thus 

significantly improved the CO2 adsorption capacity.53-54 Therefore, the high nitrogen content played 

a more decisive role in the performance of CO2 capture than the higher SSA of porous carbons.55-57 

Note that, no saturation is observed up to a pressure of 760 Torr, suggesting that higher CO2 

adsorption capacity can be achieved at a higher pressure. 

Moreover, the CO2/N2 selectivity of NPC-S and NPC-M, calculated as a molar ratio of CO2 and 

N2 adsorbed at 760 Torr, turned out to be 19.12 and 10.46, respectively, as shown in Figure 5c and 

5d. NPC-S exhibited better selectivity for CO2 capture manifested by the ~20:1 ratio of adsorbed 

CO2 over N2, which is a result of its higher nitrogen content.55 The initial slopes of the CO2 and N2 

adsorption isotherms of NPC-S were calculated to be 11.15 and 0.42, respectively. Therefore, the 

ratio of initial slopes is as high as 27:1, indicating that the NPC-S has a high selectivity in adsorbing 

CO2 in a CO2/N2 mixed gas.22 

Previous reports have shown performance of commercial activated carbon, carbon molecular 

sieves, and cobalt adeninate bio-MOFs with capacities of up to 2.1, 4.5, and 6.0 mmol/g at 273 K, 

respectively.58-60 Comparing these results to NPC-S, it is clear that the prepared PAN-derived porous 

carbon spheres provide a high adsorption capacity and selectivity for CO2 capture. It is well known 
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that KOH or CO2 activation provides a large volume of fine micropores (~0.5 cm3/g) in the carbons 

which is beneficial for CO2 sorption.52, 61 However even without further KOH or CO2 activation, the 

relatively high CO2 adsorption of our as-prepared NPC-S demonstrated that the high nitrogen-

doping level of NPC-S effectively enhanced CO2 adsorption at ambient conditions.62 

5. NPC-S as electrocatalysts for ORR and supercapacitors 

  

Figure 6. Electrochemical characterization of NPC-S as an electrocatalyst for ORR. (a) Rotating 

disk electrode study in O2-saturated 0.1 M KOH electrolyte at a scan rate 10 mV/s and (b) 

Koutecky-Levich analysis of LSV curves presented in (a). 

The presence of nitrogen in formed NPC-S could significantly enhance the performance of the 

carbons as electrodes for supercapacitors and catalysts for oxygen reduction reaction (ORR).15, 55 To 

demonstrate such an improvement a sample of the NPC-S powder was dispersed in an ethanol 

solution containing Nafion as a binder and then deposited on a polished glassy carbon (GC) 

working electrode. The electrocatalytic activity of NPC-S was further investigated by cyclic 
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voltammetry (CV) measurements in 0.1 M KOH solution at room temperature. Compared to CV 

curves obtained under saturated Ar, a pronounced reduction peak appeared in the system 

continuously purged with oxygen (Figure S4), pointing to good ORR performance. Linear sweep 

voltammograms (LSV) were then recorded using a rotating disk electrode (RDE) to evaluate the 

ORR kinetics of NPC-S electrodes. As shown from the polarization curves in Figure 6a, current 

density increased with increasing rates of rotation. The onset overpotential of NPC-S based 

electrode was observed to be ~0.87 V vs RHE. Koutecky–Levich (K-L) analysis was further 

performed to calculate the number of transferred electrons (ne) (Figure 6b). The linear relationship 

between the current density (j–1) and square root of the rotation speed (ω–1/2) was observed in a large 

potential range (0.4-0.7 V vs RHE). ne was determined to be 3.85 ± 0.12 by the K-L equations, 

which meant the reaction proceeds as an efficient four-electron transfer process for NPC-S 

materials. Therefore the nitrogen-doped NPC-S materials can be used as efficient electrocatalysts 

in ORR in the presence of an alkaline electrolyte.1, 63 

In comparison, the ne of NPC-M based electrode was in the range of 5.13 and 5.68 (Figure S5), 

which indicated that side reactions took place in the oxygen reduction process. From all nitrogen 

species present in a carbon electrode, the pyridinic nitrogen, with the lone pair residing on the sp2 

orbital, should be the most electrochemically active.64 The ratios of peak area from XPS of pyridinic 

nitrogen are 21.5 and 33% for NPC-M and NPC-S, respectively (Table S2). Therefore, the 

incorporation of nitrogen atoms with a higher fraction of pyridinic nitrogen into a carbon 

framework has a significant influence over the resulting ORR performance. Furthermore, 

compared with NPC-M, a lower mass transport and charge transfer resistance of the spherical 

characteristics in NPC-S may contribute to the improved electrocatalytic activity for ORR.32, 51 
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Figure 7. Electrochemical capacitive behavior of NPC-S measured in a two-electrode system by 

using 1 M Na2SO4 aqueous solution as electrolyte within the potential range of 0 to 0.8 V. (a) cyclic 

voltammetry (CV) curves at various scan rates, (b) galvanostatic charge-discharge curves at 

different current densities, (c) specific capacitance as a function of scan rate ranging from 2 to 

2000 mV/s, (d) specific capacitance as a function of current density ranging from 0.1 to 20 A/g, 

(e) the Nyquist plot, and (f) cycle durability at a current load of 2 A/g. 

Figure 7a shows the representative cyclic voltammetry (CV) curves obtained at scan rates in the 

range of 5, 10, 20, 50, 100, and 200 mV/s. The curves exhibited a rectangular shape without the 

presence of redox peaks, demonstrating ideal supercapacitive performance with a fast charging-

discharging process.65 Particularly noteworthy is the observation that the CV curve obtained at the 

highest scan rate of 200 mV/s almost retained the initial rectangular shape measured at 5 mV/s, 

indicating good electrochemical rate performance. Figure 7b shows the galvanostatic 

charge/discharge (GCD) curves of the device at various current densities ranging from 0.1 to 2 

A/g. All charge-discharge curves were linear and symmetrical with a gradual slope change at 

various current densities. This is the typical characteristic of an ideal capacitive performance, 
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which was also consistent with the CV results. The typical triangular profiles confirmed good 

electrochemical capacitive properties with a specific capacitance of ∼244 F/g at a current density 

of 100 mA/g, which was much higher than the supercapacitor based on NPC-M (∼175 F/g) under 

the same conditions (Figure S6). Figure 7c and 7d show the dependence of gravimetric capacitance 

on the scan rate and current density. It is noteworthy that with high charge/discharge rate, the 

specific capacitance was generally maintained (45% from 2 to 2000 mV/s, 49% from 0.1 to 20 

A/g). This outstanding rate performance was attributed to low internal resistance and highly porous 

structure of NPC-S. To further analyze charge transport and ion diffusion of NPC-S, 

electrochemical impedance spectroscopy (EIS) was used in electrochemical tests. In Figure 7e, the 

x-intercept of the Nyquist plots represents the equivalent series resistance (ESR) of 0.3 Ω and 

semicircle show an internal resistance of 11.8 Ω. The low resistance illustrated an ideal 

performance as supercapacitor electrodes. In low-frequency region, the nearly vertical slope of the 

Nyquist plots demonstrated good ion diffusion in the electrolyte to the electrode. Figure 7f shows 

the recycling stability of NPC-S by galvanostatic charge/discharge at a current density of 2 A/g 

for 10000 cycles. The capacitance became stable with about 85% retention of performance, thereby 

exhibiting excellent stability during galvanostatic charge-discharge cycling. The comprehensive 

properties of these characteristics of NPC-S based supercapacitors are very competitive to other 

previously reported studies, which makes them very promising electrode materials for high-

performance supercapacitors (Table S3). 

The carbon nanoparticle synthesis strategy demonstrated in this work is based on the preparation 

of PAN with PTESPMA brushes allowing the formation of individual NPC-S. Despite the 

numerous templating methods reported in the literature, this is the first demonstration of 

controllable fabrication of NPC-S with high surface area and high nitrogen doping using PAN as 
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a carbon precursor. Such high value of capacitance in NPC-S confirms the contribution of the 

abundant nitrogen heteroatoms. Compared with conventionally activated carbons (e.g. NPC-M), a 

much higher N content of NPC-S improved its surface wettability and the spherical shape of NPC-

S provided an easily available electrode/electrolyte interface for forming an electric double layer. 

Therefore, NPC-S based supercapacitors demonstrated an improved EDLC performance due to a 

lower diffusive limitation.66-67 

CONCLUSION 
We have demonstrated a facile, effective, and scalable method to synthesize nitrogen-doped 

NPC-S, involving the formation of PAN@PTESPMA nanoparticles by SI-ATRP from PAN NPs, 

carbonization, and subsequent etching process to remove PTESPMA shell. A key feature of this 

new method for the preparation of individual NPC-S is the presence of a protective PTESPMA 

shell, which prevents PAN core aggregation/fusion during the carbonization process. Due to the 

high nitrogen loading of 14.8 wt%, large void space, and high permeability of porous structure 

spheres, the obtained NPC-S materials exhibited a good performance for CO2 capture with a high 

selectivity. The NPC-S are effective catalysts in ORR via a four-electron mechanism and act as 

high-performance supercapacitors. The significant increase in the performance of electrocatalytic 

and CO2-adsorption performance of NPC-S, in conjunction with the economic viability of 

miniemulsion, make the presented method a promising alternative for the viable development of 

carbon nanomaterial-based technologies. 
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