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Integration of two-dimensional graphene and one-dimensional carbon nanotubes (CNTs) to create

potentially useful 3D mesoscopic carbon structures with enhanced properties relative to the original

materials is very desirable. Here, we report a novel and simple route using chemical vapor deposition

(CVD) methods to fabricate bead-like nitrogen-doped CNT/graphene composites (NCNT/G) via a simple

pyrolysis of the N-rich melamine in the presence of graphene oxide (GO) as a substrate using a Mn–Ni–

Co ternary catalyst. We have characterized these structures by field-emission scanning electron

microscopy, transmission electron microscopy, X-ray diffraction, Raman spectra, isothermal analyses,

and X-ray photoelectron spectroscopy. The three dimensional NCNT/G hybrids have unique network

structures, moderate graphitization, high specific surface area, good mesoporosity, and N doping, which

makes them promising materials for applications in energy storage and conversion.

1. Introduction

Research and interest in low-dimensional carbon nano-

materials, including 1D carbon nanotubes (CNTs) and 2D gra-

phene (GNs), has surged in the past two decades because of

their excellent properties. Carbon nanotubes (CNTs), owing to

their high specic surface areas and outstanding mechanical

strength,1,2 have been widely investigated in recent decades.

Graphene is a well-dened 2D structure of carbon atoms, which

exhibits strong thermal and electrical conductivity.3–13 However,

both 2D graphene and 1D CNTs can form irreversible agglom-

erates because of van der Waals interactions.10,11 This tendency

towards agglomeration is undesirable because of the adverse

impact particularly on the electrical conductivity of graphene

sheets.14 It has been demonstrated that assembling low-

dimensional carbon materials into three-dimensional (3D)

hybrid structures could hinder re-agglomeration by reducing

van der Waals interactions among GNs or CNTs12 and conse-

quently better harness the inherent attributes of the lower

dimensional materials for macroscopic applications. 3D struc-

tures have been indicated to show excellent mechanical,13

tunable thermal and electrical properties,14–16 which have

attracted great attention in energy storage and nanoelectronics

e.g. supercapacitors,11,17–20 lithium-ion batteries21 and oxygen

reduction reaction,12 and lithium–sulfur batteries.15,18–22

Furthermore, the previous studies have revealed that changing

the sp2 carbon structure by using functional groups, doping, or/

and surface modication could improve their desired physical

and chemical properties.10,11

It has been further reported that heteroatom (including N, P,

S, and B) doping23 could effectively promote electrochemical

reactivity and surface adsorption properties by inducing more

defects and active sites in the carbon framework.24 Nitrogen

doping improves electronic conductivity and surface wettability

that promote an electrochemical reaction on the carbon

surface.20 Approaches for preparing N-doped carbonaceous

nanostructures reported previously mainly include chemical

vapor deposition (CVD),15 electrothermal reactions with

ammonia,13 and various template based approaches.22–24 For

example, Wang et al.13 synthesized N-doped graphene through

high-power electrical annealing (e-annealing) in corrosive NH3,

which may jeopardize extension to 3D structures. Cai et al.23

reported the fabrication of N-doped hierarchical porous carbon

and CNT hybrids by CVD growth on a nano-CaCO3 template and

a bimetallic combination of Fe–Co catalyst. Ding and his co-

workers15 fabricated highly nitrogen-doped 3D CNT/graphene

hybrid structure by chemical vapor deposition (CVD). They

use solid carbon source and the melamine is only used as

a source for nitrogen-doping. All of these methods require

either the removal of template residues or the introduction of

an external carbon source, which are tedious and may destroy

the 3D network structure. Therefore, design and synthesis of 3D
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N-doped CNT/graphene by using a facile and reasonable low-

cost strategy is still a signicant challenge.

In this work, we report for the rst time a simple route to

fabricate 3D bead-like N-doped CNT/graphene composites

(NCNT/G) from a single source for both carbon and nitrogen viz.

melamine using a CVD technique. We also show that these

bead-like N-doped CNTs are vertically organized on the RGO

nanoplates yielding a 3D structure. In this contribution, we use

graphene oxide (GO) as a potential platform for nucleation and

a substrate to support Mn–Ni–Co ternary oxides (MNCO) by

combining a facile co-precipitation reaction.10 Because of the

similar atomic radii of the elements, Mn–Ni–Co ternary oxides

(MNCO) exhibit better safety and lower cost compared to single-

component transition-metal oxides. The Ni–Co catalyst is

favorable to high-yield CNT growth and manganese (Mn) can

modulate the nickel–cobalt catalyst size to regulate the size of

Fig. 1 Schematic diagram of the set-up for the synthesis of NCNT/G.

Fig. 2 Illustration of the formation process of NCNT/G material.
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Fig. 3 (a and b) The SEM images of GO–MNCO and RGO, respectively. (c and d) HRTEM images of the RGO and the number of layers are shown

in the box in (d).

Fig. 4 (a–d) SEM images of NCNT-G (the red arrow refers to the bead-like NCNT).

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 12157–12164 | 12159

Paper RSC Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

8
 M

ar
ch

 2
0
1
8
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 6

:2
4
:3

8
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C8RA01577E


carbon nanotubes. Our process presented in this paper enables

the synergistic use of hydrogen to reduce (a) the GO at high

temperatures without destroying the resulting graphene lms;

(b) the metal oxides for producing Ni–Co crystals on the gra-

phene surface; and (c) melamine to provide a source for carbon

and nitrogen atoms, when heated at 800 �C.

2. Experimental methods
2.1 Synthesis of NCNT/G

GO was synthesized from natural graphite (300 mm, MACKLIN

Graphite) by a modied Hummersmethod.25 As-synthesized GO

(30 mg) was dispersed in deionized (DI) water (60 mL) and

ethanol solution (60 mL) by ultrasound for 30 min to create

a brown dispersion solution (0.5 mg mL�1). CoCl2$6H2O (120

mg), Mn(CH3COO)2$4H2O (240 mg), Ni(NO3)2$6H2O (150 mg)

and hexamethylenetetramine (HMT, 210 mg) were added to the

above suspension. Aer ultrasonic treatment for another

10 min, the mixed solution was heated to 90 �C in an oil bath

under constant stirring for 10 h.26 At the end of 10 h, the black

product was ltered and the sample was dried overnight at

60 �C. Aer complete desiccation occurred, the samples were

ground to ne powders.

10 mg of the precursor GO–MNCO and 400 mg of the

melamine powder were mixed together, and placed in hori-

zontal quartz CVD reactor (Fig. 1), and heated to 800 �C at

20 �C min�1 in H2 (99.999%) atmosphere with a ow rate of 70

sccm for 30 min. At the end of this 30 min, the system was

allowed to cool to room temperature in H2 atmosphere at a ow

rate of 30 sccm.

2.2 Material characterizations

The morphologies and nano-structure of as-prepared samples

were characterized by eld-emission scanning electron

microscopy (SEM, FEI QUANTA 200F) and transmission elec-

tron microscopy (TEM, JEOL 2010F). The X-ray diffraction (XRD,

PANalytical) was carried out to determine elemental composi-

tion. The structures of the samples were investigated by X-ray

photoelectron spectroscopy (XPS, PHI-5700) and Raman spec-

troscopy (Raman, Horiba Evolution). The pore structures of the

samples were characterized using nitrogen adsorption and

desorption isotherms by a Quanta Chrome adsorption instru-

ment (ASAP 2020).

Fig. 5 (a) TEM image of NCNT, the red lines show metal catalyst on the tip of NCNTS. (b) HRTEM image of a typical carbon nanotubes and

catalyst. (c) HRTEM images of the NCNTs, which shows the conjunction of Ni–Co, carbon nanotube, and graphene.
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3. Results and discussion

A scheme showing the synthesis of NCNT/G via a two-step

procedure is illustrated in Fig. 2. First, GO is mixed with

metal salts including Mn, Ni, Co, and hexamethylenetetramine

(HMT) by heating and stirring. The metal ions of Mn2+, Ni2+,

Co2+ bind strongly with functional groups on the GO surface,

forming GO decorated with MNCO. Next, the GO–MNCO and

melamine powder are transferred to the quartz boat and heated

under the H2 atmosphere at 800 �C. During this process, the GO

is converted to reduced graphene oxide (RGO). At the same

time, the metal oxides are also reduced to metal nanocatalysts

Ni–Co and the melamine is pyrolyzed to provide carbon and

nitrogen atoms and eventually forms nitrogen-doped CNTs.27,28

SEM

The SEM image (Fig. 3(a)) of the GO–MNCO composite shows

a nanoake morphology characterized by thin and uniform

sheets. In this architecture, each nanoake is connected with

the others, thus forming a porous 3D structure.29 The unique

structure facilitates the growth of dense carbon nanotubes. To

demonstrate the function of melamine, two control experi-

ments are done. As shown in Fig. 3(b), no CNTs but only RGO

sheets are obtained when melamine is absent in this fabrica-

tion. We can clearly observe numerous white spots on the RGO

sheets, which are Ni–Co nanocrystals. These results indicate

that the GO–MNCO composite is reduced to Ni–Co

nanocatalysts dispersed on an RGO surface (RGO–MNC) under

the H2 atmosphere. The RGO does not function as a carbon

source to support the growth of CNTs. HRTEM images show

ake structure and the number of layers of RGO in Fig. 3(c) and

(d). A typical crumpled surface is clearly observed, indicating

the features of the 2D structure. These catalysts anchored on the

RGO surface offer more initial points for CNT growth when

a carbon source is added.

Fig. 4 shows the SEM images of the RGO–MNC surface that

results when a carbon source such as melamine is added to the

reaction mix. CNTs are distributed uniformly and densely on

the RGO surface as shown in Fig. 4(a) and (c). The magnied

views (Fig. 4(b) and (d)) reveal that the CNTs are vertically

aligned and there are some white dots on the tip of CNTs, which

are conrmed by TEM to be metal catalyst (as shown in Fig. 5(a)

and (b)). This probably corresponds to the typical tip growth

model based on the vapor–liquid–solid mechanism. In this

model, hydrocarbons are decomposed to gaseous carbon frag-

ments and then diffuse to the surface of metal to promote the

growth of CNTs.30 The SEM images also clearly display bead-like

CNTs as shown by red arrows in Fig. 4(d).

TEM

To further conrm the growth mode, TEM and HRTEM have

been used to further probe the nanostructures. As shown in

Fig. 5(a), the catalysts are located on the tip of the CNTs, which

is consistent with the tip growth mode. From Fig. 5(b) the

Fig. 6 (a) TEM images of N-doped CNTs in the resulting NCNT/G. (b) HRTEM images of the NCNTs wall taken from the boxed area in (a). (c)

HRTEM images of defects in the NCNTs. (d and e) HRTEM images of typical morphology of multiwall CNTs.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 12157–12164 | 12161
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diameter of the metal catalysts and CNTs are determined to be

between 100–150 nm and 9–12 nm, respectively. In addition, the

obtained materials are mainly multi-walled CNTs. HRTEM

image (Fig. 5(c)) shows the interface between CNTs and gra-

phene layers. The carbon nanotube root (red arrow in Fig. 5(c))

connects to the RGO sheets. Interconnected CNTs and RGO

facilitate electron transport and prevent the stacking and

aggregation of graphene sheets.31

Due to the incorporation of nitrogen atom into CNTs, we can

observe a bead-like CNTs structure (Fig. 6(a)), which is similar

to the reported bamboo-like CNT structures.15 HRTEM image

(Fig. 6(b)) shows that the bead-like CNTs are multi-walled.

There are many wrinkles on the walls of CNT and highly

defective sites at the node as shown in Fig. 6(c). This wrinkled

morphology is known to originate from the substitution of

nitrogen atoms in the graphitic domain, which would increase

active sites of the material.23 These defective sites can enhance

electron transport capacity or catalytic activity.23 The HRTEM

images in Fig. 6(d) and (e) further illustrate a typical

morphology of multiwall CNTs with an inside diameter of about

9 nm and a wall thickness of 4 nm. To demonstrate the

composition of the materials, the structures of the RGO and

NCNT-G hybrid are studied by X-ray diffraction (XRD) as shown

in Fig. 7(a). The characteristic peak of these two samples are

identied at 26.2�, corresponding to the (002) plane of graphite

carbon, and the strong peak at 44.5� is due to the presence of

catalyst particles, nickel and cobalt.11,19 The peaks at 52.5� and

76� refer to ternary metal mixtures. Noticeably, the character-

istic peak of NCNT/G is corresponding with RGO and the

characteristic peak of NCNT/G is sharper than that of RGO,

revealing that the graphitic degree increases due to the presence

of CNTs.23 The change in the structure caused by the CNT

intercalation is further studied by Raman spectroscopy. As

shown in Fig. 7(b), the intensity of D and G bands are 1340 and

1580 cm�1, respectively. The intensity ratio (ID/IG) of NCNT/G is

about 0.8 and is smaller than RGO (0.9), conrming that N-

doped CNT is benecial to improve graphitic crystalline struc-

ture duo to the presence of high-level defects.31

In addition, we carried out the Brunauer–Emmett–Teller

(BET) measurements to quantitatively analyze the porosity

characteristics of the two samples. Nitrogen adsorption–

desorption isotherms of NCNT/G and RGO (Fig. 7(c)) show

a type-IV isotherm curve, indicating the presence of meso-

pores24 and further can be conrmed by the pore size distri-

bution derived from the N2 desorption peaks in Fig. 7(d), which

shows that most of the pores are small mesopores (�5 nm). The

Fig. 7 (a) XRD patterns of NCNT/G and RGO. (b) Raman spectra of NCNT/G and RGO. N2 gas adsorption–desorption curves (c) and pore

distribution (d) of NCNT/G and RGO.
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surface area of NCNT/G is 226 m2 g�1 and the pore volume is

0.25 cm3 g�1, which are higher than the surface area (58 m2 g�1)

and the pore volume (0.21 cm3 g�1) of the RGO. The increase of

surface area and pore volume are caused by the addition of N-

doped CNTs that can effectively integrate with graphene nano-

sheets to form the 3D hierarchical structure.

X-ray photoelectron spectroscopy (XPS) further conrms that

the as-prepared carbon structure contains nitrogen. The XPS

survey spectrum (Fig. 8(a)) shows the dominant C 1s peak at

284.0 eV, N 1s peak at 397.9 eV, and O 1s peak at 531.2 eV,

respectively. High-resolution XPS N 1s spectra for NCNT/G

reveal the assignments of three types of nitrogen defects, cor-

responding to pyridinic-N (397.98 eV), pyrrolic-N (400.25 eV),

graphitic-N (401.16 eV), respectively, as demonstrated by

Fig. 8(b). The graphitic-N indicates that nitrogen atoms have

been successfully doped into the carbon structure.

4. Conclusions

In summary, a direct pyrolysis of N-rich melamine by CVD

technique has been demonstrated to synthesize 3D bead-like N-

doped CNT/graphene structures. It is the rst time that low-cost

raw melamine has been used as both a carbon and nitrogen

source simultaneously. The as-prepared N-CNT/G hybrids are

built from N-doped CNTs and few-layers reduced graphene

oxide. Meanwhile, the bead-like CNTs are observed in the

hybrid structure, which is due to the doping of nitrogen into

carbon atom network. The modulation of the carbon surface

caused by nitrogen can introduce more defects and active sites

in the carbon framework, thus improving the electronic

conductivity and surface wettability. This is benecial to

improve electrochemical properties and chemical adsorption

ability. As a result, the NCNT/G hybrids are expected to be

a promising host for many energy-storage and energy-

conversion materials, such as supercapacitor, Li-ion secondary

batteries and Li–S batteries. Moreover, this simple route is

versatile and scalable, and can be a strategy for fabricating other

3D N-doped carbonaceous nanostructures.
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