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Nitrogen-doped graphenes (NGs) were successfully obtained by electron beam (e-beam) irradiation from graphite oxide 

(GO) colloid solution in the presence of aqueous ammonia at room temperature under ambient condition. The 

morphology, structure, and components of the obtained NGs were characterized by scanning electron microscopy, Raman 

spectroscopy, powder X-ray diffraction, elemental analysis, and X-ray photoelectron spectroscopy. The amount of 

incorporated nitrogen was in the range ∼3.20 – 3.54 wt% with pyrrolic-N as the main nitrogen configuration. The results of 

this study show that nitrogen was simultaneously doped into graphene as the GO was reduced by e-beam irradiation. 

Herein, the ratio of nitrogen sites (pyridinic-N, pyrrolic-N, graphitic-N, and pyridinic-N-oxide) and specific surface area 

were controlled for various applications of the NGs as a function of irradiation dose. Increasing concentrations of graphitic-

N and pyridinic-N-oxide enhanced the electrical conductivity and improved the kinetic performance of supercapacitor. The 

highest capacitance of 90.5 F g-1 at a charge/discharge current of 0.1 A g-1 in organic media was achieved for NG-300 

because of a high BET specific surface area of 470 m2 g-1. 

Introduction 

Graphene, a single-atom-thick sheet of sp
2-hybridized carbon 

with honeycomb structure, has attracted tremendous interest 

as a key material in various fields such as electronic devices,1 

sensors,2 photocatalysts,3 energy storage materials,4,5 and 

polymer nanocomposites,6 owing to its unique physical, 

chemical, and mechanical properties.7-9 However, these 

properties of graphene still lack of fulfilling the demand of 

various applications because of its low intrinsic capacitance 

and zero bandgap.7,10 Recently, significant efforts have been 

reported introducing hetero-ion into graphene lattice for 

modulating and improving its intrinsic properties such as band 

structure, electronic properties, and surface chemistry for 

various applications.11-17 Among the numerous potential 

dopants, nitrogen is considered to be an excellent candidate 

for the doping into graphene, because of its similar atomic size 

and five valence electrons available to form aromatic bonds 

with carbon atoms.18 

Until now, nitrogen-doped graphenes (NGs) have been 

synthesized by various fabrication methods such as nitrogen 

plasma process,19 chemical vapor deposition (CVD) of methane 

in the presence of ammonia,20 thermal annealing of graphite 

oxide (GO) under flowing ammonia,21 hydrothermal, 

solvothermal, or microwave-assisted reduction of GO with 

nitrogen source such as urea and ammonia water.5,11,22 

However, the realization of these applications is still not 

practical, because of the limitations for large-scale and safe 

production of NGs. Recently, the reduction of GO has been 

achieved through the radiolysis method. In comparison with 

the conventional approach, this strategy has many advantages 

such as chemical reductant free, cost-effective, eco-friendly, 

and easily scaled-up.23-26 In this regard, e-beam irradiation can 

be adapted to reduce GO and simultaneously doping nitrogen 

into the carbon network, even at room temperature under 

ambient air conditions. To the best of our knowledge, one-pot 

approach for the synthesis of NGs by using e-beam irradiation 

has not yet been reported. In this study, we systematically 

investigated the effect of e-beam irradiation dose on the 

physicochemical properties such as pore structure, specific 

surface area (SSA), conductivity, nitrogen configuration as well 

as electrochemical performances of the NGs. In particular, 

nitrogen configuration and SSA of NGs is quite important for 

controlling various properties such as surface charge, doping 

type, and interface for various applications. 

In this work, we present a simple one-pot approach to 

obtain NGs by using e-beam irradiation (Scheme 1). Because 

ammonia tends to react with the carboxylic acid functional 

groups of GO to form intermediate, aqueous ammonia was 

introduced as the nitrogen source.27 And then, the 

intermediate can be reduced by the hydrated electron, which 

was induced by the radiolysis of water.28 Herein, the nitrogen 

configurations and SSA in NGs have been controlled by 

changing e-beam irradiation dose. As a result, the low 

resistance and high SSA of NGs was induced by the proper 
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concentration of nitrogen configuration and the generation of 

micropores depending upon the e-beam irradiation dose. The 

effects of irradiation dose on the supercapacitor performance 

of NGs were also evaluated. Thus, the radiolysis method by 

using e-beam irradiation is a very promising approach to 

synthesize NGs with the most optimized configurations of 

doping sites and enhanced SSA for various graphene-based 

applications. 

Experimental section 

Preparation of exfoliated GO aqueous dispersion 

Aqueous dispersed GO was prepared from commercial 

graphite (Sigma Aldrich, average size ∼20 µm) by using the 

modified Hummers’ method.29 The as-prepared GO was 

dispersed in water, following by ultrasonication for 30 min 

(Sonics, Vibra-Cell, 160 W). After the ultrasonication, the un-

exfoliated GO was separated by centrifugation at 3,000 rpm 

for 10 min to obtain the aqueous dispersion containing well-

exfoliated GO nanosheets with the a concentration of ∼10.0 

mg mL-1. 

 

Synthesis of NGs via e-beam irradiation 

NGs were synthesized by one-pot radiolysis method using e-

beam irradiation in a well-exfoliated GO dispersion in the 

presence of aqueous ammonia (Daejung, purity 28%). In a 

typical procedure, a well-exfoliated GO aqueous suspension 

was diluted by adding a solution of distilled water, isopropyl 

alcohol as the radical scavenger, and aqueous ammonia as the 

nitrogen source. The final GO concentration was ∼2.0 mg mL-1 

and the fractions of isopropyl alcohol and aqueous ammonia 

were ∼25% (v/v) and 30% (v/v) in the mixture, respectively. 

After then, the mixed solution was transferred into an 

uncovered petri dish and it was placed on the stage equipped 

with the cooling system for irradiation. For irradiation, e-beam 

was irradiated at a given amount dose (100, 200, and 300 kGy) 

with a rectangular beam of 800 mm × 20 mm, at 10 MeV mA-1 

at room temperature under ambient air conditions. During the 

irradiation, the stage was moved with a slowly unidirectional 

reciprocation. The e-beam irradiation was performed at a dose 

rate of 0.1 kGy s-1 in a linear electron beam accelerator (UELV-

10-10S) provided by the Advanced Radiation Technology 

Institute (ARTI) of the Korea Atomic Energy Research Institute 

(KAERI). Upon e-beam irradiation, the color of the solution 

immediately turned black from yellow-brown. Finally, the 

obtained NG suspensions were centrifuged at 8,000 rpm for 10 

min and washed several times with ethanol, followed by drying 

in vacuum oven at 120 °C. Hereafter, the obtained black 

powders were denoted as NG-dose. 

 

Sample characterization 

Structural characteristics of the GO and NGs were obtained by 

powder X-ray diffractometer (XRD, Rigaku, Ultima IV) equipped 

with Ni filtered Cu Kα radiation (λ = 1.5418 Å) with a graphite 

diffracted beam monochromator at a scan rate of 1° min-1 

from 5° to 50°. The patterns were recorded at an operating 

voltage and a current of 40 kV and 30 mA, respectively. Raman 

spectra were obtained using a confocal Raman microscope 

(Nanobase, Xperam 200) at an excitation wavelength of 532 

nm. The morphology of the obtained NG-300 was 

characterized by field emission scanning electron microscopy 

(FE-SEM, JEOL, JSM-7100F). For FE-SEM measurements, the 

powder sample was attached to an Al mount with a carbon 

tape. X-ray photoelectron spectroscopy (XPS, Thermo 

Scientific, SIGMA probe) measurements of GO and the NGs 

using a monochromatized Al Kα X-ray source (1486.71 eV). The 

sheet resistances of the samples were measured by a four-

probe method (Keithley, Model 2000 multimeter). Prior to the 

XPS and sheet resistance measurement, samples were 

prepared by pressing the powders into tablets with a diameter 

of 1 cm under a pressure of 10,000 psi. The chemical 

compositions were determined by elemental analysis (Thermo 

Scientific, Flash 2000) with combustion of GO and the NGs 

powders at 950 °C. To determine the specific surface area and 

porous properties of the obtained samples, N2 adsorption-

desorption isotherms were measured volumetrically at 77 K 

(Microtrac, BELsorp-mini II). The GO and NGs were degassed at 

80 °C for 12 h and at 120 °C for 5 h, respectively, under 

vacuum prior to the sorption measurements. The specific 

surface areas were calculated from the adsorption branch 

using the Brunauer-Emmett-Teller (BET) method. The pore size 

distribution was calculated by Barrett-Joyner-Halenda (BJH) 

method from the nitrogen adsorption isotherm curves. 

 

Electrochemical performance measurements 

For the electrochemical performance evaluation of the 

obtained NGs, the samples were used for electrode active 

material to fabricate symmetric supercapacitors of coin cell 

type. In order to prepare electrodes, mixture slurries were 

prepared by mixing NG powder (80 wt%), polyvinylidene 

fluoride (PVDF, 15 wt%), and super P (5 wt%) as the conductive 

agents. Then, these mixture slurries were homogeneously 

molded in N-methyl-2-pyrrolidone (NMP) and cast on an Al foil 

current collector by the doctor blade technique at a uniform 

thickness ∼20 µm, and then dried at 120 °C for 5 h in vacuum. 

Nearly 1.0 mg of active material was loaded at each working 

electrode. Symmetric supercapacitors were assembled in a 

CR2032 type coin cell consisting of two electrodes punched 

into 1-inch diameter and separator. 1 M LiPF6 in a 1:1 mixture 

of ethylene carbonate and dimethyl carbonate was used as the 

organic electrolyte. Electrochemical performances were 

measured based on the galvanostatic charge/discharge curves 

in the range of 0 – 2.5 V. 

Result and discussion 

The structural change of GO before and after the e-beam 

irradiation was investigated by XRD measurement, and the 

patterns are shown in Fig. 1. The XRD patterns of GO show a 

sharp diffraction peak of (002) plane at 2θ value of 12.9°, but 

completely disappeared after the e-beam irradiation because 
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of the removal of oxygen functional groups. Then, a weak and 

broad diffraction peak in the range ∼22.4 – 23.3° of NGs 

corresponding to the (002) plane of graphite developed, 

indicating the aggregation of few layer nanosheets and the 

evolution of graphitic crystal structure.30 No obvious 

differences were observed in the broadness of the XRD peaks 

for samples at various doses, indicating the similar stacking 

thickness of graphene layers. All the GO and NG samples show 

the broad (100) diffraction pattern around 42.5o, originating 

the nature of turbostratic layered structure.31,32 All NG samples 

show broader the peak width of (100) diffraction than that of 

GO, suggesting the graphene-like layers were stacked with a 

random orientation during the reduction. 

Raman analysis is a useful tool to characterize the 

electronic structure of graphene based materials, particularly 

for determining ordered and disordered crystal structures of 

carbon–heteroatoms or carbon–carbon bonds.33-35 The Raman 

spectra of graphene-based materials show two featured D and 

G bands. The G band is induced from the result of the in-phase 

vibration of the E2g mode of the sp
2 carbon domains, whereas 

the D band is evolved by the disordered crystal structure with 

symmetry breaking or edges of graphene.34 The Raman 

spectrum of the GO and NGs are shown in Fig. 2. After e-beam 

irradiation, all the G bands of the NGs red-shifted from 1594.5 

cm-1, indicating that the sp
2 domains were repaired by e-beam 

irradiation. As a function of irradiation doses, the G bands of 

NG-100 and 300 shifted to a lower frequency by ∼5.9 cm-1, 

whereas that of NG-200 moved to a more lower frequency by 

∼12.7 cm-1 with respect to that of GO, indicating that N 

configurations might be different composition in the obtained 

NGs. Previously reported theoretical simulations and 

experimental results on the N configuration effect of NGs 

indicate that the substitution of carbon atoms with 

quaternary-N was n-type doping, whereas pyridinic-N and 

pyrrolic-N were p-type doping.12,22,36 The more downshift of 

the G band in NG-200 compared to other samples, indicate 

that NG-200 has more n-type feature, because of the larger 

portion of quaternary-N. The shift difference in the NGs 

corresponded to the previously reported result, which is more 

downshift in n-type than in p-type of the NGs.22,36 Moreover, 

the reduction of GO or hetero-ion doping significant increased 

the defect density, along with the increase in the relative 

intensity ratio between the D and G bands (ID/IG). The ID/IG was 

found to increase from 0.88 at GO to ∼1.06 – 1.09 at NGs 

(Table 1), indicating that the NGs have many defects and 

disorder because of the simultaneous removal of oxygen 

functional groups and the nitrogen doping.5 

The FE-SEM images of GO and NG-300 samples show the 

wrinkled platelet morphology with three-dimensional porous 

structure, with randomly stacks layer upon layer and are cross-

linked (Fig. 3). The morphology of NG-300 is more folded and 

wrinkled than GO, because of the strong π–π interaction 

between the reduced GO sheets after e-beam irradiation.37 

The distribution of nitrogen in the sample is highly 

homogeneous and can be verified using elemental mapping 

(Fig. S1). The mapping images indicate that the whole basal 

plane of graphene sheets contains nitrogen atom with a 

uniform distribution density, evident of a homogenous 

reaction between GO and NH3. 

The pore structure of the NGs was investigated by N2 

adsorption–desorption analysis. The isotherm curves of NGs as 

a function of irradiation dose are shown in Fig. 4a. All the 

adsorption isotherm curves exhibit mixed type I and IV by the 

IUPAC classification and are indicative of the coexistence of 

micro- and mesopores in the samples. The hysteresis loop at 

relative pressures (P/P0) in the range ∼0.4 – 0.6 could be type 

H2 and H4 hybrid hysteresis by the IUPAC classification, 

resulting from the combination of slit-like pores between the 

parallel nanosheets of NGs and interconnected pore system 

exhibiting constrictions with mesopores.38 Furthermore, the 

narrow hysteresis loop indicates that the pores in the obtained 

samples are quite open.39 As shown in Table 2, the BET specific 

surface area (SBET) and total pore volume (Vt) of the obtained 

NGs significantly increased depending upon the irradiation 

dose. The SBET of NG-300 was determined to be 470 m2 g-1 with 

a total pore volume of 0.273 mL g-1, which is the highest value 

among the obtained NG series. Indeed, the SBET of samples was 

less than the theatrical value (>2600 m2 g-1),40 because of the 

shrinking or overlapping of the NG nanosheets by self-

aggregation.36 To evaluate the quantity of micropores in the 

NGs, t-plots were obtained by the calculation from each 

isotherm curves (Fig. S2), in which the amount of nitrogen 

adsorbed was plotted against the statistical thickness (t) 

obtained from the standard t-curve of graphitized carbon. The 

micropore diameter gradually decreased from 10.8 to 9.6 Å as 

a function of the irradiation dose. The micropore volume was 

evaluated as 0.123 mL g-1 for NG-100, and further increased to 

0.238 mL g-1 with the irradiation time (NG-300). This increment 

in the micropore volume would be a main factor for generating 

higher SBET. These results are attributed to the generation of 

small micropores with the larger amount through the 

radiation-induced defects at the surface of the NGs, followed 

by the decrease in the average pore diameter of microproes in 

the NGs during the irradiation. The pore size distribution 

curves of the NGs were calculated by the BJH method from the 

adsorption branch, as shown in Fig. 4b.41-43 As shown in the 

figure, the mesopore in a network of the aggregated NGs is 

estimated to be a broad size distribution of <11 nm. 

XPS was further performed to analyze the nitrogen 

bonding configurations of the NGs depending upon the 

irradiation dose. The XPS spectra of the GO and NGs over a 

wide binding energy range of ∼100 – 800 eV are shown in Fig. 

5a. Two peaks at 284.0 and 532.6 eV can be attributed to the C 

1s and O 1s signals, respectively.36 As compared to the GO, the 

intensity of O 1s peaks of the NGs significantly decreased and 

those of the C 1s peaks increased, indicating that the GO was 

reduced under e-beam irradiation. In addition, a new N 1s 

signal at 399.7 eV was observed for the NG samples, clearly 

indicating the existence of nitrogen atoms in the NGs. These 

conclusions were also confirmed by the elemental analysis 

(Table S1). The fitting of the N 1s peaks were resolved into four 

components centered at 398.3, 399.7, 401.2, and 402.5 eV and 

assigned to pyridinic-N (N-6), pyrrolic-N (N-5), graphitic-N (N-

G), and pyridinic-N-oxide (N-X), respectively,36,39,44 indicating 
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that nitrogen atoms are in four different configuration sites in 

the graphene lattice. The results of the deconvolution are 

shown in Fig. 5b–d and listed in Table 1 for the NG samples. 

The relative quantities of nitrogen configuration sites were 

different, and N-5 was the favored form.5,19,36 This result are 

similar with the previous report by heating method,45 

suggesting the e-beam is properly new one-pot approach for 

the synthesis of NGs. The total nitrogen contents and all the N 

configurations of NG-200 have the highest values among the 

samples. From the variant of the N configuration portion in the 

total nitrogen atom, N-G configuration increased and then 

decreased as a function of irradiation dose, whereas N-5 and 

N-6 samples showed the reverse tendency (Table S2). In 

addition, N-X configuration was only presents at NG-200 

sample. Thus, we expect that N-G and N-X sites may be 

induced from N-5 and N-6 during e-beam irradiation.5 

However, when e-beam irradiates at higher dose (above 200 

kGy), the increment in the atomic defect of the graphitic lattice 

was induced by high energy of e-beam, and then the nitrogen 

contents along with N-G site decreased and N-X site 

disappeared. We believe that the N-G and N-X sites were easily 

destroyed under continuous irradiation. The results of this 

study indicate that the e-beam irradiation method has 

potential for controlling the N configurations of the NGs by 

regulating the irradiation dose. 

The sheet resistances of the GO and NGs were measured 

by the four point probe measurement, and the values are 

listed in Table 1. From these sheet resistances and the 

thickness of prepared tablet sample, we also can calculate 

electrical conductivity (Table S3). GO has a high resistance 

enough to over measurable range, induced from the broken 

sp
2 conjugated structure by the oxidation reaction, and the 

decreased sheet resistance is a significant property of the NGs 

in comparison to GO, reflecting the reduction of GO.5 NG-200 

showed the lowest sheet resistance, because of its high 

contents of N-G and N-X configurations,46 whereas the highest 

sheet resistance of NG-300 can be attributed to its low portion 

of N-G and N-X configurations and also more defect sites 

generated by high-energy e-beam irradiation. 

As mentioned in the XPS analysis, NGs have four types of N 

configurations. Among them, N-5 and N-6 have been reported 

to present pseudo-capacitive behavior in aqueous electrolytes, 

whereas the quaternary N configurations such as N-G and N-X 

could play an important role in increasing the electrical 

conductivity and surface charge of NGs.44 To exclude the 

pseudo-capacitances of N-5 and N-6, the supercapacitor 

performances were measured in organic electrolytes. Fig. 6a 

shows the galvanostatic charge/discharge curves of the NGs 

obtained at a current density of 0.1 A g-1. All the NG samples 

exhibit much higher specific capacitance than the previously 

reported value for reduced GO (58 F g-1), indicating that the 

capacitance improved by nitrogen doping.5 However, to our 

surprise, NG-300 sample showed higher specific capacitance of 

90.5 F g-1 than that of NG-200 (81.8 F g-1), with the highest 

nitrogen content and quaternary N configuration. This result 

could be clearly explained by N2 adsorption–desorption 

analysis results, where SBET of NGs increased as a function of 

the irradiation dose. As reported previously, the capacitance of 

supercapacitor was determined by both the space charge 

capacitance and electric double layer capacitance. We believe 

that NG-300 may experience a drastic increase in the electric 

double layer capacitance, depending on the SBET of sample, 

although it has the lowest nitrogen contents with quaternary N 

configuration. Fig. 6b compares the rate performances of the 

NGs at different current densities. As shown in figure, NG-200 

presents the best rate capability of 81.5%, determined by 

C(10.0 A g-1)/C(0.1 A g-1). In addition, the cyclic retentions of 

NG-100 and 200 samples show more stability without any 

capacity fade even after 1,000 cycles than that of NG-300 

sample, as shown in Fig. 6c. These results indicate that the 

electrical conductivity is the most important factor for 

determining the kinetic performance of supercapacitor. 

Conclusions 

In conclusion, we successfully synthesized NGs by e-beam 

irradiation in the presence of aqueous ammonia enabling 

simultaneous reduction of GO and nitrogen doping. The 

physicochemical analyses indicate that GO was transformed to 

NGs by the reduction and nitrogen doping. Moreover, the 

nitrogen configurations and SBET of NGs were controlled by 

irradiation dose. In the case of supercapacitor application, the 

increase in the surface area depending upon the irradiation 

dose attributed NG-300 with the highest capacitance. 

However, the high quaternary N configuration (N-G and N-X) 

of NG-200 indicates that the kinetic performance of 

supercapacitor was enhanced owing to the improvement in 

the electrical conductivity. Based on our study, this novel 

doping approach by using e-beam would be a feasible and safe 

production approach to obtain NGs for various applications. 
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Scheme 1 The schematic representation for the synthesis of NGs by e-beam irradiation.  

 

 

Page 6 of 15RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

 

Fig. 1 XRD patterns of the synthesized NGs and GO powder. 

 

  

Page 7 of 15 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 3

 

 

Fig. 2 Raman spectra of GO and NG-100, 200, and 300. 
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Fig. 3 FE-SEM images of (a) pristine GO, and (b) NG-300. 
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Fig. 4 (a) N2 adsorption-desorption isotherms and (b) BJH pore size distributions of NG-100, 200, and 

300 samples. 
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Fig. 5 (a) XPS spectra of GO and NG-100, 200, and 300 samples. Deconvoluted XPS N 1s spectra of (b) 

NG-100, (c) NG-200, and (d) NG-300. 
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Fig. 6 (a) Galvanostatic charge/discharge curves of NGs. (b) The specific capacitance of NGs at various current densities ranging from 0.1 to 10.0 A g
-1
. (c) The 

cyclic retentions of the supercapacitors based on NGs at 1.0 A g-1.  
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Table 1 Elemental analysis (XPS), sheet resistance, and the ratio of ID/IG of the GO and NGs. 

Sample 
C 

(at.%)b 
O 

(at.%)b 
N 

(at.%)b 
N-6a 
(at.%)b 

N-5a 
(at.%)b 

N-Ga 
(at.%)b 

N-Xa 
(at.%)b 

Sheet resistance 
(ohm/sq) 

ID/IG 

GO 43.67 56.33 - - - - - >10
6
 0.88 

NG-100 64.58 31.12 4.29 1.26 2.71 0.32 - 50 1.08 

NG-200 64.79 30.25 4.99 1.31 3.10 0.42 0.17 40 1.10 

NG-300 66.88 28.82 4.31 1.30 2.78 0.24 - 110 1.06 

 
a
N-6, N-5, N-G, and N-X are pyridinic-N, pyrrolic-N, graphitic-N and pyridinic-N-oxide, respectively. 

b
The relative contents (at. %) of C, N, O, and N configurations were obtained by the XPS spectra area (C + O + N = 100 at.%, N = N-6 + N-5 + N-G + N-X). 
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Table 2 BET specific surface area and porous parameters of NGs. 

Sample SBET
a (m2 g-1) Vt

b (ml g-1) Vmicro
c (ml g-1) Dmicro

d (Å) 

NG-100 232 0.137 0.123 10.8 

NG-200 406 0.229 0.207 9.8 

NG-300 470 0.273 0.238 9.6 

 

a
BET specific surface area calculated from the linear part of the BET plot. 

bThe total pore volume was taken from the volume of nitrogen adsorbed at about P/P0 = 0.98. 

c
The micropore volume was estimated by the t-plot. 

d
The average micropore diameter was estimated from by t-plot method. 
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