
Journal of Energy Chemistry 27 (2018) 146–160 

http://www.journals.elsevier.com/

         journal-of-energy-chemistry/

Contents lists available at ScienceDirect 

Journal of Energy Chemistry 

journal homepage: www.elsevier.com/locate/jechem 

Review 

Nitrogen-doped graphene: Synthesis, characterizations and energy 

applications 

Haifeng Xu 

a , b , 1 , Lianbo Ma 

a , 1 , Zhong Jin 

a , ∗

a Key Laboratory of Mesoscopic Chemistry of MOE, School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210023, Jiangsu, China 
b School of Mechanical and Electronic Engineering, Suzhou University, Suzhou 2340 0 0, Anhui, China 

a r t i c l e i n f o 

Article history: 

Received 21 November 2017 

Revised 4 December 2017 

Accepted 5 December 2017 

Available online 9 December 2017 

Keywords: 

N-doped graphene 

Synthesis 

Characterization 

Energy applications 

a b s t r a c t 

Nitrogen-doped (N-doped) graphene has attracted increasing attentions because of the significantly en- 

hanced properties in physic, chemistry, biology and material science, as compared with those of pristine 

graphene. By date, N-doped graphene has opened up an exciting new field in the science and technol- 

ogy of two-dimensional materials. From the viewpoints of chemistry and materials, this article presents 

an overview on the recent progress of N-doped graphene, including the typical synthesis methods, char- 

acterization techniques, and various applications in energy fields. The challenges and perspective of N- 

doped graphene are also discussed. We expect that this review will provide new insights into the further 

development and practical applications of N-doped graphene. 
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2095-4956/© 2017 Science Press and Dalian Institute of Chemical Physics, Chinese Academ
. Introduction 

Graphene, a two-dimensional (2D) sheet sp 2 -hybridized car-

on with special properties, such as planar structure, high surface

rea, excellent electrical and optical properties, and great mechan-

cal properties (Young’s modulus ∼1.0 TPa and a fracture strength

130 GPa) [1,2] , has attracted so much attention since it was firstly

xfoliated in experiment by Novoselov and Geim et al. [3,4] . Dur-

ng the last decade, great effort s were devoted to investigate the

ossible applications of graphene based on those above excellent

roperties. For example, hollow Pt-Ni decorated on graphene was

abricated, and the resultant composite exhibited much higher

lectrocatalytic activity as compared with bare Pt-Ni catalyst, own-

ng to the significantly enhanced electrical conductivity and re-

uced particle aggregations [5] . Pt/graphene [6] , Fe 3 O 4 /graphene

7] , CoSe/graphene [8] , and PtRuNi/graphene [9] were also synthe-

ized, and all of them show the obviously improved performances.
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 
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The structures and properties of carbonaceous materials can be

ffectively tailored by heteroatoms doping. Following this line of

hought, doping nitrogen (N) atoms into graphene can significantly

ffect the properties and performance of graphene-based materials.

eng et al . firstly reported the fabrication of nitrogen-doped (N-

oped) graphene, and adopted it as the electrocatalysts in oxygen

eduction reaction (ORR) [10] . It was revealed that the N-doped

raphene exhibits superior electrocatalytic activity than most of

ther electrocatalysts. This has attracted great attention and fur-

her made N-doped graphene a hot topic. Just from that time, N-

oped graphene developed rapidly. By date, many synthesis meth-

ds, including chemical vapor deposition (CVD) [11–20] , thermal

nnealing [21–36] , pyrolysis [37–41] , arc-discharge [42–44] , plasma

reatment [45–47] , N 2 H 4 treatment [48–50] , hydrothermal method

51–54] , solvothermal method [55–58] , microwave-assisted hy-

rothermal [59–61] , wet chemical synthesis [62] , microwave treat-

ent [63] , flame treatment [64] , supercritical reaction method

65] and lyophilization-assisted heat treatment [66] , have been ex-

loited to prepare N-doped graphene. Graphene sheets doped with

 atoms would generate three kinds of common bonding configu-

ations within the lattice, including pyridinic N, graphitic N and

yrrolic N [67] . Among them, the mostly widely discussed was

yridinic N and pyrrolic N. Luo et al. reported the synthesis of sin-

le layer graphene doped with pure pyridinic N by thermal CVD

f hydrogen and ethylene on Cu foils in the presence of ammonia

68] . Such pyridinic N doping in carbon materials was generally

onsidered to be responsible for their enhancement of ORR activ-

ties. Zhang et al. synthesized the N-doped graphene through the

hermal annealing method [69] , and the resultant material shows

 higher electrochemical activity towards methanol oxidation than

t. These results demonstrated that N doping can really enhance

he properties of graphene as compared with those of pristine

raphene. Because of the intriguing structures and properties, N-

oped graphene has been widely used in the fields of electron-

cs [70] , fuel cells [71] , secondary batteries [72–74] , supercapacitors

75,76] , medical domain [77] , and so on, and most of the materials

an satisfy the expectations. 

Recently, several reviews on graphene and graphene-based ma-

erials have been reported [1,78] . However, to the best known of

ur knowledge, a review of N-doped graphene includes the syn-

hesis methods, characterization techniques, energy applications,

s well as challenges and perspectives, is still emergently needed.

rom the viewpoints of chemistry and materials, this article will

resent an overview on the recent progress of N-doped graphene. 

. Preparation of N-doped graphene 

The first employed methods for preparing N-doped graphene

sually including chemical vapor deposition (CVD) and arc-

ischarge method, which were reported by Wei et al. [12] and

ubrahmanyam et al. [79] , respectively. Currently, there are many

ynthesis methods explored during such a short time. Table 1

ummarizes the various methods for preparing N-doped graphene.

he N contents, experimental details, applications and advantages

or the synthesis/applications of N-doped graphene are also in-

olved. Moreover, we have divided the synthesis methods into the

ne-step N doping and two-step N doping strategies. The one-

tep N doping strategy commonly include CVD, flame treatment

nd solvothermal method, while the two-step N doping strategy

ainly include thermal annealing, pyrolysis, N 2 H 4 treatment, wet

hemical synthesis, microwave treatment, supercritical reaction,

ydrothermal method, microwave-assisted hydrothermal method 

nd lyophilization-assisted heat treatment. Detailed discussions on

hese methods are followed below. 
.1. CVD 

CVD is one of the mostly used methods for preparing N-doped

raphene [11–20] , and it usually includes two precursors, N pre-

ursor and graphene precursor. The commonly adopted N precur-

or was NH 3 [11–14] . However, besides the gas phase precursor,

yridine and polypyrrole were also employed with the presence of

arrier gases [15,16,19] . 

The synthesis procedures usually include the following essen-

ials: first of all, a metal catalyst, like Ni and Cu, and a Si/SiO 2 

late, used as the substrate [11,13,17] . Then, a mixed gas containing

arbon precursor and N precursor were introduced with the tem-

erature increasing to a high position [17] . The C and N precursors

ecomposed and recombined into a new structure that looks like

he graphene sheets on the substrate. Therefore, N-doped graphene

an be prepared, as schematic illustrated in Fig. 1 . The resultant

orphology observation shows that most of the structure com-

osed of few layers of graphene monomer, although single layer

raphene could be occasionally detected [12] . 

The mechanism of this method can be postulated that graphene

rew on the substrate and N atoms substitutionally doped into

he graphene lattice. By incorporating N atoms into graphene, the

hysic and chemical properties of pristine graphene could be sig-

ificantly altered [17] . The N contents of this method commonly

arious from 3.0 to 16 at.%. Moreover, it was reported that the in-

uence factors of CVD includes gas ratio of mixture [12] , and de-

osition conditions [13] . The reported highest N content by using

VD was 16.7 at.% [15] , while the lowest N content was 0.25 at.%

17] . Additionally, the N content in N-doped graphene is a very im-

ortant factor that influences the type of N atoms in graphene. The

yridinic N structure becomes favorable as the N content increases,

hich plays a key role on the enhancement of electrocatalytic ac-

ivity and energy storage performance [13] . 

.2. Thermal annealing 

Thermal annealing is a popular method in the preparation of

-doped graphene owning to the simple and scalable characteris-

ics. The N doping can be achieved through annealing graphene ox-

de (GO) under NH 3 atmosphere at a comparable high temperature

21–36] . Different tem peratures would lead to different N contents

s well as the diversity in performance activities [21,23] . The N

ontents of N-doped graphene prepared through this method usu-

lly range from 1.1 to 7.5 at.%. 

Besides NH 3 , other materials with high N contents were also

sed as the N precursors. For instance, GO annealed with urea can

roduce N-doped graphene [30] , and the N content could reach as

igh as 10 at.%. The N content of this method depends mostly on

he N content of N precursor. Sometimes, N doping also accompa-

ied with other heteroatoms, such as sulfur and boron atoms, and

he resultant products could show synergy effects between the N

toms and other heteroatoms [26,32] . 

.3. Pyrolysis 

Pyrolysis usually operated under a higher temperature than

hermal annealing [37–41] . The pyrolysis of GO and N-containing

recursors is a promising method for preparing N-doped reduced

O (rGO). The most extensively used N precursors were polyani-

ine [37] , melamine [38,40,41] , and polypyrrole [39] . The common

rocess usually consisted of two steps, the combination between

O and N precursor and followed with pyrolysis of the as-formed

omposites. This method prone to produce a medium high N con-

ent that range from 2.0 to 8.0 at.%. As N-doped porous carbon

aterials prepared though pyrolysis of ethylenediaminetetraacetic
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Table 1. Summary of the synthesis methods, N contents, applications and advantages in synthesis/applications of N-doped graphene. 

Synthesis methods Substrate N/C sources N content (at.%) Applications Advantages in synthesis/applications Ref. 

CVD Ni on SiO 2 /Si substrate 

CH 4 /NH 3 

4.0 Fuel cell Enhanced ORR activity [11] 

CVD Cu on Si substrate CH 4 /NH 3 8.9 Semiconductor device Excellent electronic properties [12] 

CVD Si nanowire substrate CH 4 /NH 3 3.0–10 Li-ion battery Controlled thickness, N content and enhanced 

lithium storage capability 

[13,14] 

CVD Cu foil substrate pyridine 16.7/ ∼2.4 Electronic devices Controlled thickness, high electronic mobility 

and low temperature 

[15,16] 

CVD Cu foil substrate CH 4 /NH 3 0.25 Molecule probe Enhanced molecule sensing [17] 

CVD Cu foil substrate DMF 3.4 Electronic devices Controlled thickness [18] 

CVD Cu foil substrate polypyrrole – FET-type Apta sensor Well controlled growth [19] 

CVD Cu foil substrate hexane 

acetonitrile 

9.0 Li-ion battery Enhanced lithium storage capacity [20] 

Thermal annealing GO/NH 3 4.0–7.0 Optics/fuel cell/clean 

energy 

Tunable optical properties, high 

electrochemical activity 

[21–24] 

Thermal annealing Mn 3 O 4 /GO/NH 3 1.13 Li-ion battery Large reversible capacity, excellent cyclic 

performance 

[25] 

Thermal annealing GO-Si sheet/NH 3 2.4–4.6 Fuel cell Enhanced electrocatalytic properties [26] 

Thermal annealing GO/NH 3 /Ar 3.63–7.45 Li-ion battery/ 

supercapacitor 

Tunable structure, improved electrochemical 

performance 

[27–29] 

Thermal annealing GO/NH 3 /CdS 4.3 Photocatalysis High durability, enhanced photocatalytic 

activity 

[30] 

Thermal annealing NH 3 annealing after N 

+ 

irradiation of graphene 

1.1 Semiconductor device Excellent electronic properties [31] 

Thermal annealing GO/boric acid/NH 3 – Fuel cell Efficient electrocatalytic ORR activity [32] 

Thermal annealing GO/melamine/Ar 10 Electronic device Graphene structure can be controlled [33] 

Thermal annealing [TPBAIm][ NTf 2], carbonization 

with N 2 

4.45–7.15 Domino carbonylation One-pot synthesis, facile and novel method [34] 

Thermal annealing GO/NH 3 /Ar 2.8 – Enhanced conductivity [35] 

Thermal annealing GO/urea 4.0 Fuel cell High electrocatalytic activity in ORR [36] 

Pyrolysis rGO/polyaniline 4.82–5.86 Fuel cell High electrocatalytic activity in ORR [37] 

Pyrolysis Aniline/melamine/FeCl 3 – Fuel cell Excellent electrocatalytic activity in ORR [38] 

Pyrolysis GO/polypyrrole 2.0–3.0 Fuel cell High electrocatalytic activity in ORR and OER [39] 

Pyrolysis GO/melamine 3.7 Fuel cell High specific area and good crystallinity [40,41] 

Arc-discharge Graphite powder/N 2 < 1.0 – Safe, simple and inexpensive [42] 

Arc-discharge Graphite anode NH 3 /H 2 /He 1.0 Field effect transistor Highest mobility, smallest number of layers [43] 

Arc-discharge Graphite anode NH 3 /He 1.0 – Large-scale produced and controllable [44] 

Plasma treatment N 2 plasma/graphene 0.11–1.35 Glucose sensor Excellent electrocatalytic activity and selectivity [45] 

Plasma treatment Si substrate CH 4 /N 2 (1: 4) 

plasma 

0.7–6.3 Field emitter Lower turn-on field and enhanced current 

density 

[46] 

Plasma treatment GO/N 2 plasma treatment 1.68–2.51 Supercapacitor High capacitance and excellent cycle life [47] 

N 2 H 4 treatment GO/N 2 H 4 for 1 h and reduced 

by NH 3 /H 2 

7.3 Poly(light emitting diodes) Lowest sheet resistance [48] 

N 2 H 4 treatment GO/NH 4 OH mixture reduced by 

N 2 H 4 

8.92 Electrochemical sensor Favorable electron transfer ability and 

electrocatalytic activity 

[49] 

N 2 H 4 treatment GO/N 2 H 4 2.7–3.2 Rewritable nonvolatile 

memory materials 

High semi-conductivity [50] 

Hydrothermal GO/NH 4 OH (28 wt.%) 7.2 Supercapacitor Excellent thermal stability, high capacitive 

performance 

[51] 

Hydrothermal GO/urea 10.13 Supercapacitor Large surface area, superior capacitive 

performance 

[52] 

Hydrothermal Graphite oxide/ammonium 

vanadate 

– Li-ion battery High rate capability, excellent conductivity and 

cyclic stability 

[53] 

Hydrothermal GO/polypyrrole/iron ions 3.5 Fuel cell High specific area, high durability [54] 

Solvothermal Li 3 N/CCl 4 /Ar, 200 °C, 20 h (N1) 

Li 3 N/CCl 4 /N 2 , 250 °C, 10 h 

(N2) 

10.5 (N1)/ 

4.15–16.4 (N2) 

Fuel cell High electrocatalytic activity in ORR [55,56] 

Solvothermal Li 3 N/CCl 4 with N 3 C 3 Cl 3 
(350 °C,6 h, N1) or (250 °C, 

10 h, N2) 

16.4(N1)/4.5(N2) 

Fuel cell High electrocatalytic activity in ORR [57] 

Solvothermal Tetrachloroethylene /cyanuric 

chloride 

28.1 H 2 storage High H 2 physisorption capacity [58] 

Microwave-assisted 

hydrothermal 

GO/urea 3.0 Fuel cell High capacity, enhanced electronic properties [59] 

Microwave-assisted 

hydrothermal 

GO/NH 4 OH < 1.0 Supercapacitor Enhanced energy and power density [60] 

Microwave-assisted 

hydrothermal 

GO/ethylenediamne 1.98 Li-ion battery Super energy storage performance [61] 

Wet chemical synthesis GO/dicyandiamide/Fe 3 + – Fuel cell High electrocatalytic activity in ORR [62] 

Microwave treatment GO/NH 3 /H 2 PtCl 6 · 6H 2 O 5.04 Fuel cell High electrocatalytic active surface area [63] 

Flame treatment Ethanol (70%) /NH 3 · H 2 O (30%) 1.4 Supercapacitor/catalysts Abundant surface defect, high catalytic activity [64] 

Supercritical reaction 

method 

Expanded graphite/acetonitrile 1.57–4.56 Nanoelectronic device Modulated electrical properties [65] 

Lyophilization-assisted heat 

treatment 

Graphite oxide/urea 5.06 Fuel cell Enhanced electrocatalytic activity and stability 

in ORR 

[66] 
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Fig. 1. Schematic illustration of the synthesis of N-doped graphene on flexible substrate [19] . 
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Fig. 2. Schematic illustration of the plasma doping process of N atoms on graphene 

sheets [47] . 
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cid and melamine show a high N content (10.8 at.%) [80] , more

ttentions would be paid to this method. 

.4. Arc-discharge method 

Arc-discharge is an old fashioned method for preparing N-

oped graphene. It usually includes N 2 or a gas mixture as the N

ources [42–44] . This method always composed of two electrodes,

nd both of them were graphite rods, then a current was held.

s the rods were brought together, discharge occurred, resulting

n the formation of plasma. The anode was vaporized in NH 3 in-

luded mixing atmosphere or pure N 2 atmosphere. Li et al. synthe-

ized N-doped graphene via arc-discharge method with NH 3 and

e gas mixture as the N source [44] . The N content of this method

as lower as compared with other methods, and it usually belows

.0 at.% [42] . 

Large-scale N-doped multi-layered graphene can be prepared by

sing the direct current arc-discharge between pure graphite rods

44] . During this method, NH 3 was used as the buffer gas, and the

ulti-layered graphene sheets were doped with N atoms without

he addition of other N sources. The N content in the N-doped

ulti-layered graphene sheets was low, but it can be tuned by

imply changing the proportion of NH 3 in the mixed gas. This tech-

ique curves a way in large scale production of N-doped graphene

heets without the use of any metallic catalyst, which is crucial to

he further study and applications. 

.5. Plasma treatment 

Plasma treatment is a technique that invented to produce N-

oped graphene several years ago [45–47] . However, few attentions

ave been paid to this method, and there was no notable progress

btained till now. Wang et al. used N 2 plasma as the N source,

nd then reacted with graphene to prepare N-doped graphene [45] .

n the first place, graphene was fixed onto glass carbon electrode

GCE), followed by placing it into the plasma chamber that filled

ith N 2 with the pressure at 750 mTorr. In other reports, graphene

as not used, but CH 4 acted as the carbon source [46] , thus the

-doped graphene was prepared on the Si substrate directly. The

chematic illustration of the plasma doping process is shown in

ig. 2 . All the reports that related to N content are very low, which

sually below 3.0 at.% [47] . Therefore, the method would have its

imitation on the N content, as well as the properties and applica-

ions. 
.6. N 2 H 4 treatment 

N 2 H 4 treatment is one of the widely used methods for prepar-

ng N-doped graphene from GO [48–50] , and N 2 H 4 usually serves

s the reducing agent during the reaction [81] . N 2 H 4 solution was

he commonly used state in the method. However, it was reported

hat N-doped graphene could also be synthesized by using N 2 H 4 

apor when the temperature is above 750 °C [48] . The N content

f N-doped graphene can be up to 7.2 at.%. Sohyeon et al. also re-

orted that N-doped graphene could be prepared by using NH 4 OH

nd N 2 H 4 mixed solution, and the N content would be higher than

he former, which can reach about 8.92 at.% [49] . The N types al-

ays include pyridinic N and pyrrolic N, both are very important

o the properties and applications of N-doped graphene. 

.7. Hydrothermal method 

Hydrothermal method for preparing N-doped graphene is very

opular in recent years, and there are many reports about it [51–

4] . By mixing GO and different N precursors together, N-doped

raphene with various N contents were obtained. It was reported

hat GO dispersed into ammonia solution and then heated in

n autoclave with different temperatures, N-doped graphene with

aries N contents could be produced [54] . The other methods with

ifferent N precursors, such as polypyrrole and urea, were also suc-
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Fig. 3. Diagram of the flame treatment and the corresponding temperature profile [64] . 
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cessful in synthesizing N-doped graphene [52,54] . When urea was

served as the N precursor, the resultant product exhibits a highest

N content of 10.13 at.% [52] . Because of its simple procedure and

the high N content, hydrothermal method would be a promising

method in preparing N-doped graphene. 

2.8. Solvothermal method 

The solvothermal method was used to prepare N-doped

graphene since several years ago [55–58] . All of the reports seemed

to have no big difference from each other. The common procedure

was mixing tetrachloromethane (CCl 4 ) and lithium nitride (Li 3 N)

together, followed by reacting in a sealed stainless steel autoclave

under Ar atmosphere [55] . The other method was mixed tetra-

chloromethane (CCl 4 ) and lithium nitride (Li 3 N) together with cya-

nuric chloride (N 3 C 3 Cl 3 ), followed by reacting in stainless steel au-

toclave in N 2 atmosphere [57] . The results concluded that N-doped

graphene prepared via this method can be developed as an effi-

cient electrocatalyst for ORR, and can be used to replace the pre-

cious Pt catalysts in alkaline solutions. The N contents of N-doped

graphene prepared through this method was estimated range from

4.0 to 28.1 at.%. 

2.9. Microwave-assisted hydrothermal method 

Microwave-assisted hydrothermal is a new method that re-

ported recently [59–61] . Graphite oxide combined with a N pre-

cursor under the microwave treatment, followed by the hydrother-

mal treatment, N-doped graphene can be well synthesized. The

commonly used N precursors in this method includes urea [59] ,

NH 4 OH [60] , and ethylenediamne [61] , the N content of this

method was about 3.0 at.%. 

2.10. Wet chemical reaction method 

Recently, a method for preparing N-doped graphene without

high temperature treatment was reported, which called wet chem-

ical reaction method [62] . It was proposed that the reaction oc-

curred between a reactive graphitic carbon template (e.g. GO) and

N-containing molecules (e.g. dicyandiamide), when the tempera-

ture is as low as 180 °C. The process of this method includes sev-

eral sophisticated steps. It was believed that the wet chemical re-

actions may offer a low-temperature route to create interesting

electrocatalysts in fuel cells with easier manipulation of surface

properties [62] . 

2.11. Microwave method 

The microwave method was firstly reported in 2011, and has

been proved to be successful in preparing N-doped graphene [63] .
-doped graphene was prepared from GO via microwave heat-

ng in NH 3 atmosphere. The results showed that graphene, as an

llotrope of carbon, is a good microwave-adsorbing material and

an reach a high temperature in minutes, facilitating N incorpora-

ion into the structure under NH 3 . The structural characterizations

emonstrated that the N content can reach 5.04 at.%. Other effort s

n this method were also reported recently. For example, Yoo et al.

ynthesized the highly wrinkled N-doped rGO through direct mi-

rowave irradiation from graphite oxide and aqueous ammonium

ydroxide (NH 4 OH) in only three minutes, and the resultant mate-

ial exhibited superior capacitive performance and electrocatalytic

ctivity [82] . 

.12. Flame treatment 

Flame treatment is a novel method that firstly used in 2012

64] . The schematic illustration of flame treatment is shown in

ig. 3 . This is a really simple but effective method for preparing N-

oped graphene. During the synthesis process, ethanol and amine

ere used as the C and N precursor, respectively, a Ni film was

elected as the catalyst for growing graphene, when amine and

thanol were used as fuel, the N-doped graphene would be ob-

ained only with the temperature higher than 700 °C. The achieved

esults revealed that graphene sheet from flame treatment exhibits

ood transparency and a large size up to 400 um 

2 with few lay-

rs and folded edges. These results also informed that N-doped

raphene sheets have a dominant pyridinic N structure. Moreover,

-doped graphene prepared by this method can be used as a

romising candidate for supercapacitors and catalysts, owning to

uch more structural defects induced by the environment condi-

ions and N atoms. 

.13. Supercritical reaction method 

The supercritical reaction method was firstly reported in 2011,

nd it is really a difficult method because of its complicate con-

itions during the reactions [65] . The schematic illustration of N-

oped graphene sheets prepared via supercritical reaction method

s shown in Fig. 4 . N-doped few-layer graphene was prepared via

his method, and the N contents increased from 1.57 to 4.56 at.%

s the reaction time tuned from 2 to 24 h. Electrical measurements

evealed that N-doped few-layer graphene sheets exhibit a typi-

al n-type field-dependent behavior, further suggesting that the N

toms have been doped into the lattice of graphene. 

.14. Lyophilization-assisted heat treatment 

Lyophilization-assisted heat treatment is a method of heat

reatment combined with lyophilization technology. This method
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Fig. 4. Schematic illustration of N-doped graphene sheets prepared via supercritical 

reaction method with acetonitrile (ACN) at 310 °C [65] . 
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s similar to the microwave-assisted hydrothermal method. The N

ontent of achieved N-doped graphene can be as high as 5.06 at.%,

nd pyridinic N was the dominant N species through this intrigu-

ng method [66] . 

. Characterizations of N-doped graphene 

.1. Scanning tunneling microscopy (STM) 

STM is very useful for imaging material surfaces at the atomic

evel, and is considered as one of the most powerful techniques

or characterizing N-doped graphene. This tool is so direct that we

an see the atomic details of the N-dopants in N-doped graphene.
ig. 5. (a) Large-area STM image of N-doped graphene illustrating the presence of numero

 bias = −75 mV, I set = 100 pA. The upper and lower squares are used to indicate the undo

eciprocal lattice (outer hexagon) and inter-valley scattering (inner hexagon). The STM im

f the substrate and enhance the atomic contrast of dopants. (b) High-resolution STM i

imulated STM image obtained using first-principle calculation. The bias is 21.0 eV. The C
owever, although STM simulation of N-doped graphene has been

idely investigated [83,84] , the experimental studies on STM char-

cterization on N-doped graphene have been rarely reported. Fig.

 shows the STM image of typical N-doped graphene that prepared

hrough atmospheric-pressure CVD method by Terrones and his co-

orkers [17] . The STM measurement was usually performed after

ransferring N-doped graphene onto other substrates because the

u foil could affect STM imaging due to the charging screening in

he graphene layer. The STM images show a rough surface with a

orrugation of 0.6–1.0 nm, which could be attributed to the rough-

ess of the substrate. The representative STM topographic image of

-doped graphene reveals the clear honeycomb lattice mostly dec-

rated with brighter “peapod-like graphic protrusions”, as pointed

y the white arrows in Fig. 5 (a). Since similar features were ob-

erved all over the N-doped graphene surface and were never de-

ected in pristine graphene, thus it can be deduced that the spe-

ific features are caused by the presence of N-dopants [17] . Fig.

 (b) and (c) show the experimental results and simulated highly

esolved STM images of an individual N-doped site, the overall tri-

ngular shape and mirror plane of the calculated STM images are

n good agreement with the experimental results. Similarly, the in-

ormation of N-dopants can also be achieved from the N-doped

raphene sheets that prepared by the solvothermal method [56] . 

.2. X-ray diffraction (XRD) characterization 

XRD pattern is the widely used method to distinguish

he compositions and crystallinity of the as-prepared materials.

ig. 6 presents the XRD patterns of graphite, GO, and N-doped rGO
us N-dopants with similar peapod-like configuration (highlighted by white arrows), 

ped region and N-dopants. The inset shows the FFT pattern of topography presents 

age shown here is obtained with flattening mode to remove the overall roughness 

mage of a N-doped site. (c) Ball-stick structural model of the N-doped site and a 

 and N atoms are illustrated using gray and cyan balls, respectively [17] . 
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Fig. 6. XRD patterns of graphite, GO, and N-doped rGO prepared by annealing GO 

under various temperatures in Ar/NH 3 atmosphere, respectively [27] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Raman spectra of N-doped graphene and graphene [35] . 
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prepared by annealing GO under various temperatures in mixed

Ar/NH 3 atmosphere. It could be concluded from the XRD results

that the interlayer distance of graphite was 3.35 Å, while the in-

terlayer distance of intact GO turned to be 7.91 Å due to the suf-

ficient oxidation and inter-laminar water [27] . After the reduction

of GO in Ar/NH 3 under high temperatures from 600 to 900 °C, the

interlayer distance of N-doped rGO decreases gradually. This may

be because the interlayer distance between oxygens in N-doped

rGO at high temperatures are around 7.78–7.91 Å and the inter-

layer distance between carbons in N-doped graphene are around

3.35 Å. With the increase of temperature, the oxygen-rich regions

would be significantly decreased. Moreover, the peak intensities

of oxygen-rich regions in N-doped rGO at high temperatures are

lower than those at low temperatures, which can also be ascribed

to the decreased oxygen-rich regions at high temperatures. Li et

al. reported that N-doping is accompanied with the reduction of

GO with decreases in oxygen levels from about 28% in as-made

GO down to about 2.0% in NH 3 reacted GO at 1100 °C [23] . The

diffraction peak located at 2 θ = 11.5 ° was attributed to the (002)

crystalline plane of GO, while Sun et al. reported it at 2 θ = 10.1 °,
which was synthesized through hydrothermal method [52] . The

same phenomenon between these two reports is that the diffrac-

tion peak disappeared when the reaction temperature increased

to a much higher degree. The diffraction peak at 2 θ = 25 ° with

high temperature indicates that the framework of reduced sample

is composed of few-layer stacked graphene nanosheets [85] . 

3.3. Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique for observ-

ing the vibrational, rotational, and other low-frequency modes of

molecules, and is commonly used in chemistry to provide a struc-

tural fingerprint by which different materials can be identified.

Fig. 7 shows the typical Raman spectra of N-doped graphene and

graphene; two distinct peaks and a weak peak are observed. The

peak located at approximately 1340 cm 

−1 is attributed to D band,

while Guan et al. [42] and Li et al. [44] reported that it located

at about 1289 cm 

−1 and 1350 cm 

−1 , respectively. The G band, at

approximately 1570 cm 

−1 , is commonly observed in all graphitic

structures. The difference between N-doped graphene and pristine
raphene was mentioned by Wang’s group [11] , which revealed

hat G band of N-doped graphene was located at 1576–1582 cm 

−1 ,

hile for the pristine graphene, produced by CVD, the G band was

entered at 1583–1588 cm 

−1 . The weak peak belongs to the 2D

and, and it is the overtone of D band. The 2D band is always

bserved in carbon materials [86] . However, the most important

s that the intensity of 2D band is sensitive to the number of

raphene layers [42] . The location of 2D band is also different in

-doped graphene that previously reported [12,20,31,42,44] . 

.4. X-ray photoelectron spectroscope (XPS) characterization 

XPS is a surface-sensitive quantitative spectroscopic tech-

ique that can reveal the elemental compositions, empirical for-

ula, chemical states and electronic states of the elements that

xist within a material [87] . By analyzing the binding energy (B E )

alues, we can confirm the nature of the bindings between C and N

39] . Fig. 8 (a) compares the typical survey XPS spectra of N-doped

raphene and pristine graphene, a distinct peak at approximately

00 eV shows the N 1 s band of the N-doped graphene. Moreover,

he N content in N-doped graphene can be directly achieved from

he XPS analysis. It should be emphasized that no signal related

o N could be detected from the survey XPS spectrum of pris-

ine graphene [18] . N 1 s peak is the typical feature of N-doped

raphene. Qu et al. [11] , Wei et al. [12] , and Yong et al. [13] re-

orted the peak position at 400 eV, 401.6 eV, and 400.5 eV, re-

pectively. Moreover, the devolution of high-resolution XPS spec-

rum at N 1 s region yield three kinds of N functional groups ( Fig.

 b): pyridinic N, pyrrolic N, and graphitic N, which centered at

98.3 eV, 399.4 eV, and 401.1 eV, respectively [22,24] . Among the

bove three N types, only pyrrolic N is known to improve the elec-

rical conductivity of graphene films [88] . Pyridinic N with a lo-

alized one pair of electrons inevitably accompanies a vacancy de-

ect. Graphitic N is usually present at N-containing dangling bonds

r physic-sorbed species that cannot contribute to the recovery of

exagonal graphitic structure [48] . However, pyrrolic N is known

o maintain a sp 2 -hybridized graphitic structure as well as to im-

rove the electrical conductivity by providing delocalized electrons

89] . These results further confirm the successful chemical doping

f N into graphene structure [24] . The percentage of these three

inds of N atoms can also be known through calculating the area

f each type of N species [27] . 
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Fig. 8. (a) XPS spectra of N-doped graphene and pristine graphene [12] . (b) High-resolution XPS spectrum at N 1 s region of N-doped graphene [24] . 

Fig. 9. Comparisons of the N K-edge XANES spectra of N-doped graphene prepared 

by annealing GO/urea mixture under different temperatures (20 0, 30 0, 40 0, 50 0 

and 600 °C) [33] . 
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Besides the information above, the spectra of C 1 s and N 1 s ,

hich not provided here, can also be deconvoluted into several

omponents. Devolution of C 1 s always included C–N (285.9 eV),

–C (284.5 eV), C–O (286.5 eV), C = O (287.9 eV), and O–C = O

289.1 eV) [24] . While the devolution of O 1 s contained O 

–C band

t 531.5eV, O = C band at 532.6 eV, and O–C = O band at 533.8 eV,

espectively [22] . 

.5. X-ray absorption of near-edge structure (XANES) characterization 

XANES is a type of absorption spectroscopy that indicates

he features in the X-ray absorption spectra of condensed mat-

er. Recently, XANES were performed to characterize the N-doped

raphene [33,35] . However, as demonstrated in Fig. 9 , the most

epresentative sample is the characterization of N-doped graphene

hat prepared via thermal annealing at different temperatures. Dur-
ng the experiments, XANES would produce three kinds of K-edge

ANES spectra, which includes C K-edge XANES spectra, N K-edge

ANES spectra, and O K-edge XANES spectra. 

Fig. 9 shows the comparison of N K-edge XANES spectra for

he N-doped graphene. Position at about 406 eV (N5) in the sam-

le that treated at 200 °C is ascribed to the σ ∗ excitation of C–N

onds [90,91] , while Geng et al. reported it at about 406.3 eV [35] .

 feature about 402 eV (N4) is observed, and it can be attributed

o the attachment of urea species [33] . What is more, amino in-

uced small features at about 399 eV (N1 and N2) can also be ob-

erved [92] . Because of a reduction of urea specie, decreased N4

eak is observed while the temperature increasing to 300 °C. As

he temperature increases to 400 °C, a strong feature N2 emerges

ccompanied with the disappearance of the N4 peak. The disap-

earance of N4 peak can be deduced to the removal of urea species

89] . When the temperature reaches 500 °C, the intensities of N1

nd N3 increase, and on the contrary, the intensity of N4 peak

ecreases. The N1 and N3 can be ascribed to pyridinic type and

raphitic type doping of N species, respectively [89,90] . 

When the temperature increases to 600 °C, similar phe-

omenon can be observed, the graphitic N specie would be the

ominant type with the N3 peak increases greatly [89,91] . It can

e concluded that the pyridinic and graphitic N species occurred

t the very high temperature [33] . 

C and O K-edge XANES spectra can also give some information

bout the structure, for instance, the C K-edge will clearly exhibit a
∗ and a σ ∗ resonance and the effect of N-doping on the content

f oxygen-containing groups in graphene can be confirmed by the

omparison of O k-edge XANES spectra [35] . 

.6. Other characterization techniques 

Besides the typical tools mentioned above, other charac-

erization techniques, such as atomic force microscope (AFM)

18,19,26,27,51] , scanning photoelectron microscope (SPEM) [47] ,

lectron energy lose spectra (EELS) [14] , thermogravimetric anal-

sis (TGA) [44,62] , infrared spectra (IR) [27,35,41] , N 2 adsorp-

ion/desorption isotherm [39,40,52] , energy dispersive spectrum

EDX) [24] , selected area electron diffraction (SAED) [47] , and

right field STEM (BF-STEM) [51,53] , have also been employed

o characterize N-doped graphene. Among them, SAED pattern as

ell as SPEM image can show the original layered structure and

oneycomb-like atomic structure of graphene. AFM can be used

o estimate the thickness of graphene, furthermore, the number

f graphene layer. Moreover, EELS spectra can demonstrate the N

ontents in the N-doped graphene layer. 
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Fig. 10. Electrocatalytic activity comparisons of N-doped graphene and Pt/C. (a) RRDE voltammograms for the ORR in air-saturated 0.1 M KOH at the N-doped graphene, 

Pt/C, and graphene electrodes. Electrode rotating rate: 10 0 0 rpm. Scan rate: 0.01 V s −1 . Mass (graphene ) = Mass (PtC ) = Mass (N-doped grapene ) = 7.5 μg. The inset of (a) shows the 

typical morphology of N-doped graphene. (b) Current density ( j )–time ( t ) chronoamperometric responses obtained at the N-doped graphene and Pt/C electrodes at −0.4 V 

in air-saturated 0.1 M KOH. The arrow indicates the addition of 2% (w/w) methanol into the air-saturated electrochemical cell. (c) j - t chronoamperometric response of N- 

doped graphene and Pt/C electrodes to CO. The arrow indicates the addition of 10% (v/v) CO into air saturated 0.1 M KOH at −0.4 V; j 0 defines the initial current. (d) Cyclic 

voltammograms of N-doped graphene electrode in air saturated 0.1M KOH before and after a continuous potentiodynamic swept for 20 0,0 0 0 cycles at room temperature 

(25 °C). Scan rate: 0.1 V s −1 [11] . 
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4. Applications 

N-doped graphene can exhibit significantly improved per-

formances in various applications as compared to pristine

graphene, including electrocatalytic activity [36,45,49] , energy stor-

age [25,28] , transport properties [93] , and other fields [19,45,48-

50,65,94] , owning to the modifications in structure and mor-

phology. However, besides the bare N-doped graphene, N-doped

graphene supported Pt [24,35, 63,64,95] , Pd [34] , FeCo [37] ,

Fe 3 O 4 [54] , Mn 3 O 4 [60] , Zn 2 GeO 4 [61] , SnO 2 [96] , CeO 2 [97] ,

FeCo@carbon [98] , and other inorganic materials were also re-

ported. In the following, we will summary several applications of

N-doped graphene in energy fields. 

4.1. Electrocatalysts in fuel cells 

Electrocatalysts play a key role in the performances of fuel cells.

Noble metals, including Pt and Pd, were used as the electrocat-

alysts. However, their scarce nature limits the extensive applica-

tions in fuel cells, thus to find an ideal electrocatalyst for replacing

the noble metals is emergently needed. Graphene is an excellent

candidate, and it can exhibit much better electrocatalytic activity

as compared with other materials [99] . Moreover, it was revealed

that the properties of graphene can be tailored to satisfy the im-

proved requirements of fuel cells. Although the researches on the

catalytic activities of N-doped carbonaceous materials started in

1926, intensive study appears recently for N-doped graphene aim

to achieving a perfect electrocatalyst with excellent performance

[100,101] . 

The ORR process in fuel cells has been intensively discussed in

many articles that reported in the past few years. The electrocat-

alytic mechanism of N-doped graphene was firstly studied by using
ensity functional theory [102] , and two pathways were proposed

n ORR process. Zhang et al. reported that oxygen reduction fol-

owed a four electron pathway [103] , which reduced to water in

cidic environment, and the N doping introduces asymmetry spin

ensity and atomic charge density, making it possible for N-doped

raphene to show high electrocatalytic activities for ORR process.

in et al. also pointed that N-doped graphene has high electro-

atalytic activity toward ORR in alkaline electrolyte via a favorable

our electron pathway for the formation of water [39] , leading to

igh performance and low polarization loss. Oxygen reduced into

H 

− in alkaline medium was also reported by Liu et al. [35] , and

he achieved activities are equivalent to those of state-of-the-art

t/C. At the same time, a two electron pathway in which oxygen

s partly reduced into H 2 O 2 in acidic environment was reported by

urak and his co-workers [102] , which represents for the dissocia-

ive and associative mechanisms [104] . 

The theoretical simulations of N-doped graphene for ORR pro-

esses were well confirmed by the experimental studies, and N-

oped graphene was proved to be an efficient metal-free electro-

atalyst in fuel cells [11,105] . This may be because of that (1) a

arge number of structural defects can be produced through the

 doping of graphene, and these defects can act as the electroac-

ive sites for catalyzing the ORR process [106] ; (2) the N doping

an enhance the electrical conductivity of N-doped graphene, en-

uring the fast electron transfer [107] ; (3) the unique structure of

-doped graphene can allow the smooth penetration of electrolyte

nd enhance the contact area between electrocatalysts and elec-

rolyte. Toward this regard, Qu et al. recently demonstrated that

he steady-state catalytic current at the N-doped graphene elec-

rode was found to be about 3 times higher than that of Pt/C

lectrode over a large potential range [11] , as clearly illustrated

n Fig. 10 . Also, Lin et al. showed that N-doped graphene displays
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xcellent long-term stability and resistance to methanol oxida-

ion, offering performance superior to those of a commercial Pt/C

lectrocatalyst [39] . Moreover, previous reports displayed that the

-doped graphene exhibits an n-type behavior, indicating that sub-

titutional N doping can effectively modulate the electrical proper-

ies of graphene, so the high carrier mobility, high doping level,

nd reliable N-doped behavior in both air and vacuum were ob-

ained [12,15] . Based on this, Yang et al. developed a facile and a

owerful approach to fabricate N-doped graphene sheets with high

pecific area [40] , which would responsible for the excellent elec-

rocatalytic activity toward the ORR process. Additionally, N atoms

nd other heteroatoms co-doped graphene was also prepared, and

he resultant materials can also serve as the efficient metal-free

lectrocatalysts for ORR [26,32] . 

Besides the direct utilization of N-doped graphene in fuel cells,

-doped graphene was also investigated as carbon support mate-

ial for electrocatalysts. The N-doped graphene can enhance the

lectrical conductivity of hybrid electrocatalysts, prevent the aggre-

ation and improve the structural integrity of electroactive cata-

ysts. The synergistic effects of all the above functions contribute

o the significantly improved electrocatalytic activity of the hy-

rid electrocatalysts. For instances, Pt is the ideal electrocatalyst

or catalyzing the electrocatalytic activity in fuel cells, and it was

onfirmed that little amount of Pt nanoparticles supported on N-

oped graphene could further enhance the electrocatalytic activity

bviously. Xiong et al. synthesized Pt/N-doped graphene via a heat

reatment method [22] , and the electrocatalyst demonstrates su-

erior catalytic activity for methanol electrical oxidation process,

ith a peak current density of 0.218 A mg pt 
−1 , which is about

ve times higher than an un-doped Pt/graphene control electro-

atalyst [24] . Xin et al. prepared Pt/N-doped graphene by the mi-

rowave method, and the electrocatalysts exhibited much higher

lectrochemical active surface area [63] , methanol catalytic activity,

nd tolerance to CO poisoning than those of the Pt/graphene under

uel cell conditions. Other inorganic materials hybridized with N-

oped graphene were also synthesized, and they displayed excel-

ent performances in fuel cells. For instances, FeCo [37] and Fe 3 O 4 

54] deposited on N-doped graphene were synthesized through

eat treatment and hydrothermal method, respectively, and both

xhibited efficient electrocatalytic activities for the oxygen reduc-

ion processes in fuel cells. 

Additionally, the electrocatalytic activities of N-doped graphene

ybridized with other carbonaceous materials were investigated.

iu et al. prepared N-doped graphene/carbon composite as non-

recious metal electrocatalyst, and revealed that the hybrid com-

osite can efficiently catalyze the oxygen reduction process [35] . 

.2. Secondary batteries 

Lithium-ion batteries (LIBs) are the most widely investigated

econdary batteries, and are expected to provide high performance

or the smart electronics, electric vehicles and hybrid electric ve-

icles. The discovery of carbonaceous materials, such as carbon

anotubes (CNTs), supplies a chance for the development of LIBs

108–110] . Moreover, the appearance of graphene made LIBs a hot

opic in the past several years [111] . Recently, N-doped graphene

as synthesized and utilized as the anode materials for LIBs. Since

 large number of the structural defects were induced during the

rocess of N doping, the reversible discharge capacity of N-doped

raphene (approximate 1043 mAh g −1 at a low charge/discharge

ate of 50 mA g −1 ) is almost twice higher than that of pristine

raphene [28] . Even compared with the B-doped graphene, N-

oped graphene also shows the comparable electrochemical per-

ormance, in terms of discharge capacity and rate capability [28] ,

s presented in Fig. 11 . It was confirmed that the number of Li + 

lays a key role on the discharge capacity. The greatly-increased
ctive sites induced by N doping can provide much more inter-

ction sites, thus facilitating the anchoring of Li + . Furthermore,

ho et al. reported that both pyridinic N and pyrrolic N structures

an be effective for Li + intercalation [14] , and experimental results

how that the large storage capacity of both N-doping structures

omes from the formation of dangling bonds that originated from

he rearrangement of the C and N atoms [20] . High power and en-

rgy densities can be simultaneously obtained by using N-doped

raphene anodes. The special properties allow rapid surface Li + 

bsorption and ultrafast Li + diffusion and electron transfer, mak-

ng this material superior to conventional anode materials based

n Li + intercalation reactions [28,111] . 

Similar to N-doped graphene, the N and B co-doped graphene

s expected to have further enhanced properties [20] . Early studies

ave shown that B-substituted disordered carbons can store more

i + than pristine carbons, owning to the abundant active sites in-

uced by boron atoms [112] . So when graphene was doped with

oth N and B atoms, they could display further enhanced lithium

torage performance. This was already experimentally confirmed

y Panchakarla and his co-workers [113] . 

Recently, N-doped graphene materials with various structures

ere also investigated as the anode materials for LIBs. For in-

tances, Lu and his co-workers synthesized the N-doped graphene

rameworks with active functional groups as the cathode materi-

ls of LIBs [114] . Electrochemical measurements revealed that the

athode can deliver a high reversible capacity of 146 mAh g −1 

t 50 mA g −1 after 10 0 0 cycles. Moreover, Feng et al. prepared

he bipolar N-doped graphene frameworks as the cathode for LIBs

115] , and the cathode exhibits an extremely high specific capac-

ty of 379 mAh g −1 at 0.5 A g −1 for 2500 cycles. This performance

s superior to most of the reported LIBs cathode materials. Meso-

orous N-doped graphene aerogels were also reported by Zheng

nd his co-workers [116] . Benefiting from the hierarchical porous

tructures, abundant active sites and high electrical conductivity,

he resultant LIBs exhibit greatly enhanced rate capability and cy-

ling stability. 

N-doped graphene can also hybridize with other materi-

ls as the electrodes of LIBs. By date, various inorganic ma-

erials decorated N-doped graphene composites were synthe-

ized through different methods. For instances, MnO/N-doped

raphene sheets [25] , VO 2 /N-doped graphene [53] , Zn 2 GeO 4 /N-

oped graphene [61] , CuO/N-doped graphene [82] , SnO 2 /N-doped

raphene [95,117] , NiO/N-doped graphene [118] , Fe 3 O 4 /N-doped

raphene [119] , TiO 2 /N-doped graphene [120] , and Si/N-doped

raphene [121] structures were prepared as the anode materials.

he N-doped graphene has several advantages for the construc-

ion of hybrid materials. Firstly, the presence of N-doped graphene

anosheets can prevent the severe aggregation of nanoparticles,

nd provide much more contact areas between the nanoparticles

nd electrolyte. Secondly, N-doped graphene can enhance the elec-

rical conductivity of hybrid materials and boost the electron trans-

er during charge/discharge processes. Thirdly, N-doped graphene

an contribute certain discharge capacities in the total capacity of

lectrode materials. Last by not least, the N-doped graphene can

ind well with inorganic nanoparticles, and thus well maintain-

ng the integrity and stability of electrode materials during electro-

hemical tests. Thus, when N-doped graphene based hybrid mate-

ials were used as the electrode materials for LIBs, they could ex-

ibit significantly enhanced electrochemical performances as com-

ared with those of the bare counterparts. 

Sodium ion batteries (SIBs) have attracted tremendous atten-

ion due to natural abundance and low cost of sodium sources

122] . N-doped graphene material was also used in the SIBs. Un-

ortunately, the larger radius (0.97 Å) of Na ion, 55% larger than

hat of Li + [123] , makes rapid Na + intercalation/extraction in N-

oped graphene materials difficult [124] . Besides the kinetic issue,
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Fig. 11. Lithium storage performance comparisons of N-doped and B-doped graphene. (a) and (b) Galvanostatic charge-discharge profiles of (a) N-doped and (b) B-doped 

graphene electrodes. (c) and (d) Rate capabilities and cycle performance of (c) N-doped and (d) B-doped graphene electrodes obtained over a wide range of high current 

densities, from 0.5 to 25 A g −1 . The charge–discharge profiles in (a) and (b) correspond to the 10th cycle charge–discharge profiles at each current density between 0.5 and 

25 A g −1 in (c) and (d), respectively [28] . 
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the larger Na + radius is also relevant for structural change during

insertion or extraction. Nevertheless, remarkable progress was also

achieved for N-doped graphene materials. 

Ju and his co-workers investigated the electrochemical per-

formance of Na + intercalation/extraction in N-doped graphene

nanosheets [125] . Due to the large structure defects induced by N

doping, the resultant N-doped graphene nanosheets exhibit supe-

rior Na + storage capacity of 260 mAh g −1 at 50 mA g −1 , good rate

capability and excellent cycle performance even at 500 mA g −1 .

Recently, 3D N-doped graphene structures were also utilized as the

anode materials for SIBs. For instances, N-doped graphene/carbon

hybrid was adopted as the anode material for SIBs with excel-

lent rate performance [126] . Dai et al. fabricated a 3D N-doped

graphene foam as the anode materials for SIBs [127] . As shown

in Fig. 12 , the resultant anode material delivered an unusually

high initial reversible capacity of 852.6 mAh g −1 at 500 mA g −1 ,

accompanying with a long-life cycle stability. Moreover, 3D free-

standing N-doped graphene aerogel was also prepared for the

high-performance anode materials of SIBs [128] . The observed su-

perb performance of the N-doped graphene anode in SIBs was at-

tributed to synergistic effects associated with the 3D mesoporous

structure with a well-defined porosity, large surface area, and en-

larged lattice spacing between graphene layers, coupled with the N

doping induced defects, to facilitate the diffusion of the large-size

sodium ions, enhance the storage of sodium ions, and minimize

the effect of volume expansion during discharge–charge processes.

Similarly, N-doped graphene/inorganic material hybrids were

also reported as the anode materials for SIBs. In a typical sam-

ple, amorphous phosphorus/N-doped graphene paper was syn-

thesized and utilized as the anode material for SIBs [129] . The
esultant anode exhibits an ultra-stable cyclic performance and

xcellent rate capability in SIBs. It was revealed that the N-

oped graphene not only contributes to an increase in capacity

or sodium storage, but also is beneficial in regards to improved

ate performance of the anode. Moreover, other inorganic mate-

ials, including Na 3 V 2 (PO 4 ) 3 [130] , SnO 2 nanoparticles [131] , and

NTs@SnO 2 composite [132] , were also reported to hybridize with

-doped graphene nanosheets, and the electrochemical measure-

ents demonstrated that all the hybrid materials show the greatly

nhanced electrochemical performance in sodium storage. 

.3. Supercapacitor 

Supercapacitor is an alternative energy storage system, and it

as attracted increasing attention in recent years due to their in-

rinsic features of high power and energy density, ultra-long cycle

ife and low maintenance cost [133] . Supercapacitors store and re-

ease electrical energy based on the electrostatic interactions be-

ween ions in the electrolyte and electrodes, while LIBs depends

n the chemical conversion reactions in the charge/discharge pro-

ess [20,47] . Based on their different char ge-storage mechanisms,

upercapacitors can be divided into pseudo-capacitors and electri-

al double-layer capacitors [134] . However, the poor cycling sta-

ility, electrical conductivity and high cost would limit the fur-

her application of pseudo-capacitors because of the unideal per-

ormance of redox-active materials, which are essential materials

or pseudo-capacitors. On the contrary, the appearance of carbon

aterials supplied a chance for developing double-layer capacitors.

Carbon nanotubes used for supercapacitors was firstly reported

n the past several years. As graphene been discovered, reports
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Fig. 12. Sodium storage performance of N-doped graphene foam. (a) Initial charge-discharge curves of the N-doped graphene foam, graphene foam, and N-doped graphene 

at 0.2 C. The inset of (a) shows the typical morphology of N-doped graphene foam. (b) Rate performance of the N-doped graphene foam, graphene foam, and N-doped 

graphene from 0.2 C to 10 C. (c) Capacity retention of the initial capacity at 0.2 C vs. C-rate and (d) cycling performance of the N-doped graphene foam, graphene foam, and 

N-doped graphene at 1.0 C within the voltage range of 0.02–3.0 V (assumed 1.0 C = 500 mA g −1 ) [127] . 

Fig. 13. Supercapacitors based on N-doped graphene and their electrochemical testing. (a) A schematic illustration of the assembled supercapacitor structure alongside a 

SEM image showing a top view of the device. (b) Charge–discharge curves measured by galvanostatic characterization. (c) Gravimetric capacitances of supercapacitors based 

on various N-doped graphene and pristine graphene measured at a series of current densities. (d) Gravimetric capacitances of supercapacitors built on nickel and paper 

substrates measured at a series of current densities. The inset of (d) shows a wearable supercapacitor wrapped around a human arm can store the electrical energy to 

light up a light emitting diode. (e) The cycling tests for the supercapacitors based on Ni and paper substrates up to 10,0 0 0 cycles. (f) The specific capacitances measured in 

aqueous and organic electrolytes. The mass loading of N-doped graphene is 1.0 mg cm 

−2 [47] . 
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n this novel material for supercapacitors appeared [135,136] . N-

oped graphene usually possesses large surface area, and it has

een suggested that the N functionalization could change the

onor/acceptor characteristics of graphene [47,64] . Moreover, the

 doping can produce large amounts of structural defects, and

hese defects can serve as active sites for storing electrons. Both

f these merits contributed to the enhanced capacitive perfor-

ance of N-doped graphene. Fig. 13 shows the supercapacitor
ased on N-doped graphene and the electrochemical testing re-

ults. At the same time, Jeong et al. prepared N-doped graphene

or high-performance supercapacitors and investigated the impor-

ance of N-doped sites at basal planes [47] . In this article, they

repared the N-doped graphene via a simple plasma process, and

he achieved capacitance are about 4 times larger than those of

ristine graphene without sacrificing other essential and useful

roperties for supercapacitors. Qiu et al. investigated the highly
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conductivity of N-doped graphene sheets [29] , and showed that

all the synthesis methods can produce N-doped graphene, but

not all the achieved N-doped graphene can be suitable for su-

percapacitors. Among those methods, the graphene sheets pre-

pared from flame treatment method possess more defects due to

the environmental conditions and introduction of N atoms, which

makes it a promising candidate for supercapacitors [64] . N dop-

ing via hydrothermal method and microwave-assisted hydrother-

mal method were also used as the materials of supercapacitors,

and N-doped graphene exhibited excellent supercapacitive proper-

ties [52,59,137] . 

N-doped graphene supplied as support materials were in-

vestigated in few articles. For instances, Liu et al. adopted

microwave-assisted hydrothermal method to prepare N-doped

graphene/Mn 3 O 4 material [60] , and showed promising enhance-

ment in both energy and power densities. Fe 3 O 4 decorated on N-

doped graphene was prepared, and the resultant material displays

excellent performance when been utilized as the electrode materi-

als for supercapacitors [54] . Moreover, 3D N-doped graphene/CNT

networks for supercapacitors were synthesized, and the materi-

als show high specific capacitance, good rate capability and good

durability [138] . Therefore, it can be concluded that the mate-

rials based on N-doped graphene are promising candidates for

supercapacitors. 

4.4. Other applications 

Nowadays, besides the above mentioned applications, N-doped

graphene have been also used in other promising fields, includ-

ing field-effect transistors (FET) [19,43,65,139] , quencher of the ma-

terials for photoluminescence [21,27] , high-performance polymer

light-emitting diodes [48] , rewritable nonvolatile memory materi-

als [49] , medical applications [50,93] , electrochemical bio-sensing

[45] , vanadium redox flow batteries [140] , and catalysts support-

ers of photocatalysis [27] . For instances, Fan et al. developed an

electrochemical bisphenol A sensor based on N-doped graphene

nanosheets for the detection of bisphenol A [50] . N-doped gra-

hene/CdS heterostructures as photocatalyst for splitting water un-

der visible light irradiation was also prepared, and it exhibits great

catalytic activity [30] . Additionally, since N-doped graphene pos-

sesses many intriguing properties, it is expected that new applica-

tions related energy fields can be exploited and developed in the

near future. 

5. Conclusions, challenges and perspective 

This review summarized the synthesis methods and character-

ization techniques for N-doped graphene. For the applications of

N-doped graphene, different methods could generate different

properties, and the methods play a key role on the special prop-

erties that suitable for certain applications. N-doped graphene hy-

bridized with inorganic composites can exhibit enhanced prop-

erties and improved performances due to the synergetic effects

between N-doped graphene and inorganic nanoparticles, thus can

be widely used in the fields of energy, analytical, medicine,

biotechnology, and pollutants removal applications. Especially, the

energy applications are of significance, such as the electrocatalysts

in fuel cells and electrode materials for LIBs, SIBs and supercapac-

itors. It is expected that N-doped graphene can be used as the

promising candidate for the clean and renewable energy sources

in the future. 

However, in spite of the great research progress in N-doped

graphene, there are still many issues to be solved, such as: 

(1) For the synthesis of N-doped graphene, how to control-

lably synthesize specific type N-doped graphene with high
content ( > 90%) of pyridine N (or other types of N species)

for specific applications? Moreover, novel synthesis meth-

ods under mild and environment-friendly conditions should

be exploited, so the N-doped graphene can be produced in

large scale. 

(2) For the detailed characterization of N-doped graphene, how

to accurately identify the specific type of N species and how

to build precise theoretical calculation models to understand

the functions of specific N species? Moreover, how to in-situ

characterize the formation mechanisms of N sites during the

synthesis processes? 

(3) For the applications of N-doped graphene, which type of N

doping plays the crucial role in the performance enhance-

ments? The relationship between the types of N doping and

the properties of N-doped graphene needs to be clarified, so

that more desirable properties for special applications could

be achieved. Additionally, the detailed mechanisms of the

applications for N-doped graphene should be systematically

investigated, thus the applications would be practical and

widespread. 

Since there are many problems to be solved, more attention and

urther research efforts are required from physics, chemistry and

aterial science fields. 
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