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Nitrogen-doped carbon nanoparticles were synthesized via a 

solution plasma process, with acrylonitrile as a single-source 

precursor, followed by a post-thermal annealing process. The 

nitrogen-bonding states can be tuned by varying the 

annealing temperature. The best electrocatalytic activity for 10 

oxygen reduction reaction (ORR) in terms of both onset 

potential and limiting current density can be achieved for the 

catalyst annealed at an optimal temperature of 800 °°°°C 

because of the high content of graphitic-N catalytic sites and a 

large specific surface area. 15 

 

The cathodic oxygen reduction reaction (ORR) plays the most 

crucial role in controlling overall performance, stability, and 

reliability of fuel cells.1 So far, Pt nanoparticles supported on 

carbon materials (Pt/C) represent the state-of-the-art ORR 20 

catalysts as a result of excellent ORR activity (i.e., low 

overpotential and large current density) and selectivity toward a 

direct four-electron pathway in both acid and alkaline solutions.2 

However, limited natural resources, high prices, poor long-term 

durability, and the methanol crossover/carbon monoxide (CO) 25 

poisoning effects of Pt are the major hurdles impeding the current 

development of fuel cells for large-scale commercialization. To 

address these critical issues, tremendous research efforts have 

been devoted to developing and exploring alternative Pt-free 

ORR catalysts to rival Pt/C catalysts in activity and durability.3−5 30 

Recently, nitrogen-doped carbon materials (e.g., nanoparticles,6 

nanotube,7 nanocage,8 graphene,9 mesoporous,10 and their 

composite systems11,12) have been considered the most promising 

candidates as the next generation of low-cost ORR catalysts 

because they exhibit competitive ORR activity, superior long-35 

term durability, and tolerance to poisoning compared to those of 

Pt/C catalysts. Density functional theory (DFT) calculations have 

demonstrated that the incorporation of nitrogen atoms can induce 

the alteration in atomic charge density and spin density 

distributions of the nitrogen-doped carbons, thus creating charged 40 

sites favorable for the side-on O2 surface adsorption, which 

effectively promote the ORR process.7,13,14  

Over recent years, nitrogen-doped carbon materials have been 

synthesized from a wide variety of carbon- and nitrogen-source 

precursors through various strategies, such as chemical vapor 45 

deposition,15 hydrothermal carbonization,16 plasma treatment,17 

and high-temperature pyrolysis.18−20 Very recently, plasma in 

liquid phase, named “solution plasma,” has proven to be an 

alternative strategy for the synthesis of carbon materials with in 

situ nitrogen doping from a liquid organic precursor containing 50 

carbon and nitrogen atoms without the involvement of a metal 

catalyst.21,22 This synthetic strategy has paved the way for the 

synthesis of nitrogen-doped carbon materials using a novel 

nitrogen-containing liquid precursor. However, owing to an 

emergent stage of solution plasma process in this field, the 55 

precursors for synthesis of nitrogen-doped carbon materials with 

high yield, nitrogen-rich composition, and good ORR activity 

level are currently limited, and a more in-depth screening process 

is greatly required. In this regard, searching for a suitable and 

low-cost precursor still remains an ongoing challenge in the 60 

continuing efforts to develop nitrogen-doped carbon materials 

synthesized via the solution plasma process. 

In this communication, we present the synthesis of nitrogen-

doped carbon nanoparticles via the solution plasma process with 

acrylonitirle (C3H3N) as a simple single-source precursor. 65 

Briefly, the plasma in liquid acrylonitrile was generated by 

applying microsecond bipolar high-voltage pulses with a high 

frequency to a pair of tungsten electrodes (see experimental setup 

in Fig. S1†). After the plasma was generated, the black soot 

particles were readily produced from the plasma zone and 70 

subsequently ejected into a liquid phase. The reactive species 

generated by acrylonitrile plasma was monitored in situ by 

optical emission spectroscopy (OES), as shown in Fig. 1. The 

optical emission spectrum shows the dominant emissions of Swan 

bands originating from diatomic carbon molecules (C2) 75 

(transition d3Πg → a3Πu: sequences ∆υ = −2, −1, 0, +1, +2) at the 

wavelength range of 430−630 nm.22,23 The emission peaks at 487 

and 656 nm are associated with Balmer atomic hydrogen Hβ and 

Hα, respectively. Additionally, the strong emission peaks 

attributing to the CN violet system (transition B2Σ+ → X2Σ+: 80 

sequence ∆υ = −1, 0, +1) are observed at the shorter wavelengths 

of 350−420 nm.24,25 The OES data suggest that acrylonitrile 

molecules were dissociated into small fragments (i.e., C2, CH, H, 

CN) as the result of high electron and ion temperatures in the 

plasma zone. These fragments subsequently undergo interaction 85 

and recombination processes, leading to the growth and 

formation of carbon particles with a homogeneous incorporation 

of nitrogen atoms. As-synthesized catalyst (designated as NCNP) 

was collected and post-annealed at different temperatures ranging 

from 500 to 900 °C for 1 h under Ar flow. For simplicity, the 90 

annealed catalysts are hereafter designated as NCNP-T, where T 

represents the annealing temperature (i.e., 500, 600, 700, 800, and 

900 °C). 
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Fig. 1 Schematic illustration showing the synthesis of nitrogen-doped 

carbon nanoparticles via the solution plasma process and the 

corresponding optical emission spectrum of plasma generated in liquid 
acrylonitrile. 5 

 

The morphology of the catalysts was first investigated by 

transmission electron microscopy (TEM). A representative 

bright-field TEM image of NCNP-800 reveals the formation of 

aggregates of small carbon particles with a diameter of 10 

approximately 15−40 nm (Fig. 2a and Fig. S2†). The 

corresponding selected area electron diffraction (SAED) pattern 

shows the diffuse diffraction rings (the inset of Fig. 2a), which is 

the characteristic of turbostratic carbon structure.26 There is no 

noticeable change in morphology and particle size with an 15 

increase in annealing temperature as observed by TEM images. A 

high-resolution TEM image of NCNP-800 in Fig. 2b reveals that 

the carbon particles comprise a mixture of graphitic, turbostratic, 

and amorphous phases. Energy dispersive spectroscopy (EDS) 

elemental mapping images of NCNP-800 are shown in Fig. 2c. 20 

The carbon, oxygen, and nitrogen elements are evenly distributed 

throughout the whole area investigated, indicating a 

homogeneous incorporation of nitrogen atoms into the carbon 

structure. The specific surface area of all catalysts was 

determined from nitrogen adsorption data at a relative pressure 25 

range of 0.05–0.30 using the Brunauer−Emmett−Teller (BET) 

method. The specific surface area of annealed catalysts (NCNP-

T) is found to be in the range of 236−255 m2 g−1, which is much 

higher than that of NCNP (155 m2 g−1) (Fig. 2d). The higher 

specific surface area of the annealed catalysts is essential for 30 

promoting more accessible catalytic sites for the ORR.10,27 

The phase structure of the catalysts was further confirmed by 

X-ray diffraction (XRD). Fig. 3a shows the evolution of a major 

diffraction peak corresponding to the (002) basal plane of 

graphite for the catalysts annealed at different temperatures. All 35 

XRD patterns show the broad (002) diffraction peaks located at 

almost the same position (2θ ≈ 23.9°) regardless of the change in 

annealing temperature. The corresponding lattice spacing (d002) of 

all catalysts is calculated to be approximately 0.3722 nm. More 

structural information was obtained from Raman spectroscopic 40 

data. As shown in Fig. 3b, all Raman spectra reveal two evident  

 
Fig. 2 (a) Bright-field TEM image of NCNP-800 and the corresponding 

SAED pattern (inset). (b) High-resolution TEM image of NCNP-800. (c) 
EDS elemental mapping images of NCNP-800 showing the distribution of 45 

carbon, nitrogen, and oxygen elements. (d) Specific surface area of the 

catalysts annealed at different temperatures. 

 

peaks at approximately 1348 cm−1 and 1595 cm−1, which 

correspond to the D-band (disordered carbon) and G-band 50 

(ordered graphitic carbon), respectively.28 The relative intensity 

ratio of the D-band to the G-band (ID/IG) is found to increase 

gradually with increasing annealing temperatures from 0.98 for 

NCNP to 1.04 for NCNP-900. This result may be ascribed to the 

decomposition of epoxy and hydroxyl groups at high annealing 55 

temperatures, leading to the in-plane C=C crack.29 The results  

obtained from XRD and Raman spectroscopy suggest that the 

annealing temperature has a little influence on the change in bulk 

structural properties of the catalysts. 

The nitrogen content in the catalysts was evaluated by CHN 60 

elemental analysis (EA). The detected carbon, hydrogen, and 

nitrogen contents of all catalysts are listed in Table S1†. The 

nitrogen content decreases from 3.18 to 0.93 wt% with increasing 

annealing temperatures. X-ray photoelectron spectroscopy (XPS) 

measurements were further employed to probe the surface 65 

 

Fig. 3 (a) XRD patterns and (b) Raman spectra of the catalysts annealed 

at different temperatures. 
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elemental composition and chemical bonding states. The XPS 

survey spectra show the distinct signals of carbon (C 1s), nitrogen 

(N 1s), and oxygen (O 1s) without any other impurities (Fig. 

S3†). High-resolution C 1s XPS spectra of all catalysts exhibit 

the most pronounced peak of graphite-like sp2 carbon at 284.5 ± 5 

0.1 eV. A tail of asymmetric C 1s peak at higher binding energies 

is originated from the presence of carbon atoms bonded to 

nitrogen and different oxygen-containing moieties (Fig. S4a†).30 

The existence of the XPS O 1s peak is most likely due to the 

oxidation of carbon surface upon exposure to air (Fig. S4b†). 10 

Surface elemental compositions of carbon, oxygen, and nitrogen 

determined from the XPS spectra are listed in Table S1†. An 

increase in the annealing temperature causes an exponential 

decrease in the nitrogen content on the catalyst surface from 4.78 

at. % for NCNP to 1.33 at. % for NCNP-900 (Fig. 4b), which has 15 

a similar tendency with the result obtained from the EA analysis 

(bulk composition). High-resolution XPS N 1s spectra with 

deconvolution and peak assignment of the catalysts annealed at 

different temperatures are shown in Fig. 4a. As can be seen, the 

XPS N 1s spectral feature evolves from a single peak into a 20 

double peak as the annealing temperature increases. This result 

implies that nitrogen atoms on a catalyst surface are formed by 

different bonding states depending on the annealing temperature. 

The XPS N 1s peak of NCNP can be deconvoluted into five 

components corresponding to pyridinic-N (NP: 398.4 ± 0.1 eV), 25 

nitrile-N (NN: 399.4 ± 0.1 eV), pyrrolic-N (NPR: 400.1 ± 0.2 eV), 

graphitic-N (NG: 401.0 ± 0.1 eV), and pyridinic N-oxide (NOX: 

403.7 ± 0.2 eV).31−33 The nitrogen atoms on the surface of NCNP 

mainly exist in the form of nitrile-N (~62%). When increasing the 

annealing temperature, the content of nitrile-N and pyrrolic-N 30 

substantially decreases, while that of pyridinic-N and graphitic-N 

progressively increases. The nitrile-N and pyrrolic-N are almost 

completely decomposed when the annealing temperature 

increases up to 800 °C. The XPS N 1s peaks of both NCNP-800  

 35 

 
 

Fig. 4 (a) High-resolution N 1s XPS spectra with deconvolution and peak 
assignment of the catalysts annealed at different temperatures. (b) The 

content of different nitrogen-bonding states for the catalysts annealed at 40 

different temperatures. (c) Schematic illustration of various nitrogen-
bonding states on the NCNP catalysts. 

and NCNP-900 are dominantly composed of pyridinic-N and 

graphitic-N, with pridinic-N oxide being the minor component. 

The content of pyridinic-N reaches a maximum value of 0.64 at. 45 

% at 700 °C and decreases at higher temperatures (> 700 °C) as a 

result of its instability. In the case of graphitic-N, its content 

continuously increases up to 0.76 at. % at 800 °C and remains 

nearly stable at temperatures exceeding 800 °C. The content of 

each nitrogen-bonding state and their relative percentages of the 50 

catalysts annealed at different temperatures are summarized in 

Fig. 4b and Table S3†. This finding indicates that the thermal 

annealing is an important process in transforming the the 

nitrogen-bonding state from nitrile-N and pyrrolic-N to either 

pyridinic-N or graphitic-N. 55 

The electrocatalytic activity toward the ORR for all catalysts 

was investigated with a three-electrode system in a 0.1 M KOH 

solution at room temperature. The same amount of each catalyst 

was loaded onto a glassy carbon (GC) rotating disk electrode 

(RDE) for the electrochemical measurements (0.2 mgcat cm−2). 60 

For comparison, a commercial 20 wt% Pt on Vulcan XC-72 (20% 

Pt/C) with the same loading was tested as a benchmark. The 

preparation method of catalyst ink and catalyst-modified GC 

electrode is given in supplementary information†. Cyclic 

voltammetry (CV) measurements were first evaluated in both N2- 65 

and O2-saturated 0.1 M KOH solutions at a scan rate of 50 mV 

s−1. The CV curves of all catalysts show a featureless 

characteristic in N2-saturated solution, and the area under the CV 

curves is quite correlated with the observed specific surface area 

(Fig. S6†). In O2-saturated solution, a well-defined cathodic peak 70 

corresponding to the ORR is clearly observed for all CV curves 

(Fig. 5a and Fig. S6†). To gain deeper insight into the ORR 

activity, linear sweep voltammetry (LSV) measurements were 

carried out in an O2-saturated 0.1 M KOH solution at a rotation 

speed of 1600 rpm and a scan rate of 10 mV s−1, as shown in Fig. 75 

5b. The LSV curve of NCNP reveals the onset potential for the 

ORR at −0.22 V with a relatively low limiting current density of 

2.32 mA cm−2 at −0.6 V. After annealing, the onset potential for 

the ORR significantly shifts to a more positive potential 

concomitant with a remarkable increase in limiting current 80 

density. Among the catalysts studied, NCNP-800 exhibits the 

most positive onset potential of −0.14 V and the largest current 

density of 3.48 mA cm−2 at −0.6 V. There is no further 

improvement in both the onset potential and limiting current 

density for NCNP-900. To elucidate the ORR mechanisms and 85 

kinetics, the LSV measurements were carried out at different 

rotation speeds from 225 to 2500 rpm (Fig. 5c and Fig. S7†). 

Obviously, the limiting current density progressively increases 

with increasing rotation speed, indicating a shortened diffusion 

distance at higher rotation speeds.34 The electron transfer number 90 

(n) per oxygen molecule in the ORR process can be determined 

on the basis of the Koutecky−Levich (K−L) equation.10,35 The 

K−L plots (J−1 versus ω−1/2) derived from the LSV curves at 

different rotation speeds exhibit good linearity for all catalysts, 

and their slopes remain nearly constant over the potential ranges 95 

from −0.4 to −0.6 V (Fig. S8†). The n value of NCNP is 

calculated to be 2.42 at −0.5 V, suggesting that the ORR process 

proceeds through a dominant two-electron pathway. The most 

active NCNP-800 exhibits the highest n value of 3.15 at −0.5 V 

among the catalysts studied. This result indicates that the ORR  100 
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Fig. 5 Electrochemical measurements: (a) CV curves of the ORR for 

NCNP-800 in N2 and O2-saturated 0.1 M KOH solutions at a scan rate of 

50 mV s−1 (N2: dashed line, O2: solid line). (b) LSV curves of the ORR 
for various catalysts in an O2-saturated 0.1 M KOH solution at a rotation 5 

speed of 1600 rpm and a scan rate of 10 mV s−1. (c) LSV curves of 

NCNP-800 at different rotation speeds from 225 to 2500 rpm. (d) The 

corresponding K−L plots of J−1 versus ω−1/2 of various catalysts at a 

potential of −0.5 V. (e) Electron transfer number (n) of various catalysts 

in the potentials ranging from −0.4 to −1.0 V. (f) Summary of Jk and n 10 

values on the basis of the K−L analysis and the RRDE measurements 

(values in parentheses) of various catalysts at a potential of −0.5 V. 

 

process on NCNP-800 proceeds preferentially via parallel two- 

electron and four-electron pathways, while a four-electron 15 

pathway is dominant at higher negative potentials (Fig. 5e). The n 

value of 20% Pt/C is approximately 4 over the potential range 

investigated, confirming a direct four-electron pathway. In 

addition, the kinetic-limiting current density (Jk ) also can be 

determined from the intercept of the linearly fitted K−L plot. The 20 

Jk value of NCNP-800 is 15.16 mA cm−2 at −0.5 V, which is 

almost three times greater than that of NCNP (5.62 mA cm−2) at 

the same potential. The n and Jk values derived from the K−L 

plots show a similar changing tendency with the ORR activity 

order (i.e., onset potential and limiting current density) as 25 

discussed above. Furthermore, rotating-ring disk electrode 

(RRDE) measurements were carried out to confirm the reduction 

pathway derived from the K−L plots. The corresponding n values 

can be calculated by monitoring the formation of intermediate 

peroxide species (i.e., HO2
− in alkaline solution) over the 30 

catalysts during the ORR process.36 From the disk and ring 

currents in Fig. S9† (1600 rpm), the HO2
− yield produced by 

NCNP-800 is calculated to be 42−53%, which is much lower than 

that produced by NCNP (64−75%) over the whole potential range 

from −1.0 to −0.3 V (Fig. S10†). The n values calculated from the 35 

RRDE measurements of all catalysts and 20% Pt/C are consistent 

with those derived from the K−L plots (Fig. 5f ).  

We next discuss the factor that plays a role in the improved 

ORR activity of the catalysts. According to the aforementioned 

results, the change in annealing temperature leads to a change in 40 

specific surface area as well as a significant evolution in both the 

content and bonding state of nitrogen, while the structural bulk 

properties are slightly changed. The combination of XPS and 

electrochemical results demonstrates that the decreased overall 

nitrogen content with increasing the annealing temperature does 45 

not lead to a drop in the ORR activity. This suggests that the 

ORR activity does not depend on the overall content of nitrogen 

but rather on how the nitrogen atoms form in the carbon 

structures. In general, the enhancement in the ORR activity of 

nitrogen-doped carbon materials is mainly attributed to either 50 

pyridinic-N or graphitic-N, while other bonding states seem to 

have a negligible effect.37 Specific surface area of the catalysts is 

also an important factor that should be considered concurrently 

because the higher surface area can facilitate the exposure of 

catalytic sites for the ORR.10,27 Therefore, low ORR activity and 55 

small n values of NCNP are reasonably attributed to a low 

specific surface area (155 m2 g−1) and low effective ORR 

catalytic sites. An enhanced ORR activity of NCNP-500 and 

NCNP-600 is possibly the results of both larger specific surface 

area and higher content of pyridinic-N and graphitic-N compared 60 

to those of NCNP. With further increases in the annealing 

temperature (600−800 °C), the specific surface area of the 

catalysts remains nearly unchanged (252−255 m2 g−1). This result 

implies that change in the ORR activity of the catalysts annealed 

at 600−800 °C predominantly depends on only the type of 65 

nitrogen-bonding state. The ORR activity, in terms of both onset 

potential and limiting current density, continues to increase up to 

800 °C even though the content of pyridinic-N decreases at an 

annealing temperature greater than 700 °C. This result suggests 

that the pyridinic-N sites may not be the key factor in the 70 

improved ORR activity. On the other hand, the improvement of 

ORR activity seems to be well correlated with the evolution of 

graphitic-N content. This important finding is evidence that the 

presence of graphitic-N sites on the catalysts seems to play the 

dominant role in the improvement of ORR activity in our study, 75 

which is in agreement with several previous reports.10,13,38−40 A 

slight drop in the ORR activity of NCNP-900 may be caused by a 

slight decrease in specific surface area compared to that of 

NCNP-800. Based on the above discussion, the best ORR activity 

on NCNP-800 can be attributed to the synergistic effect of high 80 

graphitic-N content and large surface area at an optimal annealing 

temperature of 800 °C. 

Durability is another important characteristic of the ORR 

catalysts for practical fuel cell applications. Current−time (I−t) 

chronoamperrometric response was performed on NCNP-800 85 

and 20% Pt/C catalysts in an O2-saturated 0.1 M KOH solution 

at a constant potential of −0.4 V with a rotation speed of 1600 

rpm for 40000 s to confirm their durability, as shown in Fig. 6a. 

The relative current of NCNP-800 exhibits a slow attenuation 

rate with retaining high relative current of 84% after 40000 s. In 90 

contrast, the relative current of 20% Pt/C remarkably decreases  
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Fig. 6 (a) Current-time (I−t) chronoamperometric response (1600 rpm) of 

NCNP-800 and 20% Pt/C at −0.4 V in an O2-saturated 0.1 M KOH 

solution for 40000 s. (b) Methanol crossover test of NCNP-800 and 20% 
Pt/C. The arrow indicates the introduction of 3.0 M methanol. 5 

 

to 71% after 40000 s. To further assess the tolerance to the 

methanol crossover effect, 3.0 M methanol was introduced into 

an O2-saturated 0.1 M KOH solution during the measurement of 

I−t chronoamperrometric response at 1200 s (Fig. 6b). After the 10 

introduction of 3.0 M methanol, the current of NCNP-800 is 

almost unchanged, whereas that of 20% Pt/C greatly drops by 

approximately 13%. This result confirms that NCNP-800 

demonstrates a superior durability and tolerance to the methanol 

crossover effect in an alkaline solution compared to those of 15 

20% Pt/C. Although the ORR activity of NCNP-800 is not yet as 

comparable as that of 20% Pt/C, its good ORR activity and 

reliable stability hold promise for use in direct methanol alkaline 

fuel cells. 

In summary, NCNPs have been successfully synthesized 20 

using the solution plasma process with acylonitrile as a single-

source precursor. The annealing temperature has a strong 

influence in the evolution of nitrogen-bonding states on the 

catalysts, which significantly affect the ORR activity. The best 

ORR activity and selectivity of NCNP-800 are mainly attributed 25 

to the synergistic effect of a high content of graphitic-N catalytic 

sites and a large specific surface area at an optimal annealing 

temperature. Moreover, NCNP-800 exhibits excellent long-term 

durability and tolerance against methanol crossover effect 

compared to those of 20% Pt/C. Our finding in this study not only 30 

has added acrylonitrile as a suitable precursor for the synthesis of 

nitrogen-doped carbons via the solution plasma process but also 

provides the important role of an annealing temperature for 

realizing a high ORR activity level. 
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