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Abstract: 3D hybrid nanostructures connecting 1D carbon nanotubes (CNTs) with 2D graphene
have attracted more and more attentions due to their excellent chemical, physical and electrical
properties. In this study, we firstly report a novel and facile one-step process using template-directed
chemical vapor deposition (CVD) to fabricate highly nitrogen doped three-dimensional (3D) N-doped
carbon nanotubes/N-doped graphene architecture (N-CNTs/N-graphene). We used nickel foam as
substrate, melamine as a single source for both carbon and nitrogen, respectively. The morphology
and microstructure were characterized by scanning electron microscopy, transmission electron
microscopy, X-ray diffraction, isothermal analyses, X-ray photoelectron microscopy and Raman
spectra. The obtained 3D N-CNTs/N-graphene exhibits high graphitization, a regular 3D structure
and excellent nitrogen doping and good mesoporosity.
Keywords: N-doped CNTs; N-doped graphene; 3D hybrid; melamine; CVD synthesis

1. Introduction
A viable approach to achieving a robust 3D hybrid architecture is by integrating different
low-dimensional nanostructures [1]. Graphene, a hexagonal 2D nanostructure composed of regular sp2
hybridized carbon atoms, shows outstanding electrical conductivity and mechanical strength [2–11].
Carbon nanotubes (CNTs) are typical one-dimensional nanomaterials with excellent performance.
Owing to the unique mechanical strength, large surface-to-volume ratio and high electrical property,
CNTs have become a promising choice for potential applications, such as energy storage [12],
supercapacitors, batteries [13] and nanoelectronic devices [14]. Nevertheless, in the synthesis process
of graphene and CNTs, there is a tendency for irreversible aggregation and stacking due to van Waals
interactions [10,14]. Consequently, the attainable properties decline compared to theoretical predictions.
The synthesis of three-dimensional carbon architectures from CNT and graphene effectively reduces
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the aggregation and stacking which occur among layers of graphene and CNTs [15]. 3D carbon
architectures built from CNTs and graphene has attracted numerous attention [16–19] due to the
extraordinary mechanical and electrical properties and potential possibilities in a variety of applications
for example, lithium-sulfur batteries [20], supercapacitors [21] and energy storage [22].
To improve the electrical and chemical properties, various strategies have been attempted by
scientists. One of the effective approaches is introducing heteroatom doping, for example, boron, sulfur,
phosphorus and nitrogen [23–25]. Nitrogen, has smaller atomic radius and higher electronegativity
than carbon and hence is a desirable dopant to improve electronic properties and surface wettability [7].
The nitrogen-doping could induce more defaces and active sites for improve interfacial adsorption and
effectively trap lithium polysulfides at electroactive sites within the cathode [26]. However, N-doped
carbon nanostructure reported in recent years mainly includes typical chemical vapor deposition
(CVD), graphene treated with nitrogen plasma, thermal annealing graphene oxide (GO) under NH3
atmosphere and approaches based on different templates. Among them, CVD is the wide method
for the synthesis of N-doped carbon nanotube and graphene, which use flammable organic gases
(e.g., CH4 , C2 H4 ) or toxic organic solvent (e.g., benzene) and pyridine or NH3 as carbon source
and nitrogen source, respectively. And the nitrogen N-doped hybrids are always fabricated by a
multistep CVD route [20,27–31]. Zhu et al. reported the two-step CVD approach, which using
CH4 and C2 H2 as carbon source to synthesize carbon nanotubes/graphene hybrid [27]. Moreover,
thermally and functional toxic catalysts are necessary for growth of hybrid nanostructure. Yan et al.
fabricate desirable three-dimensional N-doped mesoscopic carbon material under combined function
of Fe-Co-Ni catalysts [28]. Dong et al. and Su et al. synthesized the N-doped carbon nano-architecture
by utilizing different precursors which need more procedures [20,29]. Wang et al. and Ding et al. used
CVD method to synthesize the N-doped carbon nanotubes/graphene structure, where the (graphene
oxide) GO and glucose are used as carbon source, respectively and the melamine only used as nitrogen
source [7,30]. Samad et al. have employed polyurethane (PU) as a source of N-doping graphene
foam by using a two-step technique [31]. Therefore, design and synthesis of 3D high N-doped
carbon nanotubes /N-doped graphene by using a facile and reasonable low-cost strategy is still a
significant challenge.
In this study, we reported, for the first time, one-step CVD method to synthesize three-dimensional
nanostructure consisting of N-doped carbon nanotubes/N-doped graphene (N-CNTs/N-graphene)
can be grown on a nickel foam substrate using low-cost material melamine as a single source for both
carbon and nitrogen, respectively. In this contribution, nickel foam, a three-dimensional interconnected
structure, not only acts as a porous 3D scaffold for generating graphene and carbon nanotube but also
simultaneously provides situ generated Ni nanoparticles (Ni NPs) which facilitate the nucleation and
growth of N-doped carbon nanotubes (N-CNTs) on the surface of the N-doped graphene (N-graphene)
without requiring any other synthetical catalyst. Our process enables the synergistic use of hydrogen
to remove the impurities on the surface of nickel foam, boost the growth of graphene and carbon
nanotubes by etching layered carbon nitride which was produced from melamine pyrolysis.
2. Materials and Methods
2.1. Synthetic Procedures of N-CNTs/N-Graphene
Nickel foam (NF) were first cut into pieces of 10 × 10 mm2 and successively dispersed in acetic
acid solution and ethanol solution by ultrasound for 10 min to clean their surfaces and remove the thin
surface oxide layer. Subsequently, the NF was dried under nitrogen (99.99%) atmosphere. The NF thus
obtained and melamine was mixed according to the mass ratio (1:5) and the above mixture was then
placed in a horizontal quartz tube with outer diameter of 30 mm and inner diameter of 22 mm. Before
the CVD reactor (Figure 1a) was heated to 600 ◦ C, H2 (99.99%) was introduced for about 20 min at a
flow of 70 sccm. When the center of the furnace reached a temperature of about 800 ◦ C, the sample was
annealed for 0.5 h at this temperature under a mixed gas (the flow rate of Ar and H2 is 5:1) atmosphere.
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3. Result and Discussion
The whole synthetic process of 3D N-CNTs/N-graphene involves one-step CVD in the solid-state
pyrolysis of melamine at 800 ◦ C as shown in Figure 1a. The possible growth mechanism during
heating process is outlined as follows (Figure 1b). First, at a temperature below 300 ◦ C, melamine was
absorbed and uniformly distributed on the surface of NF. Melamine has a bi-functional effect in this
work a) providing carbon nitride for the growth of carbon nanotube and graphene and b) creating Ni
nanoparticles (Ni NPs) which appeared due to etching process of NH3 [7]. Between 300 ◦ C to 600 ◦ C,
melamine gradually decomposed to carbon nitride and released NH3 which enables the growth of
CNTs [32]. There are many no-uniform amorphous carbon and pores distribute on the NF in Figure S2,
indicating the decomposition of melamine and gases are released from the pores. With the increasing
temperature, layered graphitic carbon nitride deposits on the surface of NF and gradually decomposes
to graphene under the effective etching process of H2 about 800 ◦ C. Simultaneously, carbon nanotube
grows on the surface of graphene layers catalyzed by the Ni nanoparticles produced by etching process
of NH3 resulting from decomposing of melamine. In addition, it can be observed that the growth
process of CNTs is based on a “tip growth” mechanism [33] shown below. The growth temperature of
graphene is largely related to the species of carbon source. In this work, the melamine, solid carbon
and nitrogen source, is used as a feedstock. Compare to most of gaseous carbon sources, melamine
decomposes at a lower temperature [32]. Therefore, solid carbon resource may be a better resource
due to the fast carbon diffusivity through Ni foam and coating on the surface at low temperature.
Especially during the dehydrogenation process of gaseous carbon sources, a higher temperature is
always required to populate high energy intermediates and thus, the overall effective dehydrogenation
barrier and nucleation barrier of gaseous carbon resources are much higher than that of solid carbon
sources [9]. The one-step growth in this work provides a facile and relative low-temperature way for
synthesis of 3D N-doped hybrids compared to other CVD routes, which is consistent with the related
reports which fabricate graphene by using solid as carbon source [9].
The structure and morphology of N-CNTs/N-graphene can be observed by field-emission
scanning electron microscopy (SEM). Figure 2a shows the porous 3D interconnected structure of
NF and the N-CNTs/N-graphene synthesized after high-temperature reaction. Some cracks can be
obviously observed on the surface of NF as displayed in Figure 2b,f, which could be due to the
difference in thermal expansion coefficients of nickel foam during heating process [34]. Moreover,
Figure 2c displays the uniformly and densely distributed N-CNTs growing on the surface of NF
covered by N-graphene. For the sake of specificity, the experiment condition to be changed is mass
ratio of NF and melamine while the other external conditions were maintained constant. The SEM
images were obtained to determine the morphology of the N-CNTs, as shown in Figure S1. There is a
change in the surface morphology when the mass ratio of NF and melamine increases from 1:1 to 1:5.
N-CNTs are seen in the samples grown at mass ratio of 1:1 (Figure S1a) and have sparse and uneven
distribution on the surface of graphene. When the mass ratio is increased to 1:5, uniform and denser
N-CNTs were obtained as shown in Figure S1b. However, Figure S1c reveals that increasing the mass
ratio (1:10) of NF and melamine leads to the formation of non-uniform CNTs with different diameters.
These results as a whole suggest that the growth and surface coverage density of CNTs is sensitive
to mass ratio with an optimal ratio of 1:5 in our case, a detailed study on different ratios needs to be
further investigated.
Figure 2d reveals that N-CNTs grow randomly on the surface of NF covered by N-graphene
and Figure 2e shows a detailed single N-CNT chosen from Figure 2d. Also, to further identify the
integration between CNTs and graphene, some high-resolution SEM images in different spots of the
as-prepared samples are shown in Figure S3a–h (Supplementary) and it is obvious that CNTs and
graphene formed a 3D whole by seamless connection in the interface between them. This magnified
image of a single N-CNT shown in Figure 2e reveals that the CNT with a diameter of about 20 nm
projects vertically above the underlying N-doped graphene surface. Figure 2e also shows some bumps
on the N-doped graphene surface, which we ascribe to Ni nanoparticles. Simultaneously, some
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Figure 5d further demonstrate the pore sizes derived from the N2 desorption peaks mainly spanned
from 2 nm to 50 nm but are narrowly distributed around 4nm and 25 nm in the hybrids, which is in
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around 4nm and 25 nm in the hybrids, which is in good agreement with similar nitrogen-rich carbon
nanotube-graphene hybrids in the previous report by Ding et al. [7].
X-ray photoelectron spectroscopy (XPS) is used to investigate the elemental composition and the
structure of N-CNTs/N-graphene. C 1s peak located at about 284 eV, N 1s peak at about 399.8 eV
and O 1s peak at about 531.3 eV can be obtained on the full peak of X-ray photoelectron spectroscopy
(Figure 5e). Remarkably, among the three atomic percentages (C, N, O) in N-CNTs/N-graphene,
the nitrogen atom is up to 12.37% (as shown in Table S1). The result, much higher than that of the
previous studies (between 0.53% and 10.1% in nitrogen atomic percentage) about N-doped CNTs or
graphene by using CVD methods [42,45], is probably attributed to the easier incorporation into carbon
matrix of nitrogen from pyrolysis of melamine. Also, the electronic transport and chemical property of
sample may be improved due to the high level of N-doping. The bonding configurations of nitrogen
atoms are identified by high-resolution N 1s spectra. The analysis shows three peaks at different
binding energy. The two peaks located at 397.99 eV and 400.26 eV, corresponding to pyridinic-N
and pyrrolic-N, which could contribute to the π-conjugated system with a pair of p-electrons in the
layers of carbon nanotube and graphene in the as prepared N-CNTs/N-graphene [41]. Furthermore,
the pyridinic-N shows strongest intensity among three styles of doped nitrogen and it is the main
component in the as-obtained N-CNTs/N-graphene (as shown in Table S2). The previous studies
have suggested the pyridine-like N structures not only are responsible for the metallic behavior
and the prominent features near the Fermi level [46] but also beneficial to electronic conductivity
and catalytic activity of oxidation-reduction reaction (ORR) by adsorption of oxygen molecules and
intermediates [47]. Besides, when the nitrogen atoms substitute carbon atom within the graphene
layers in the form of graphitic-N, the peak is shown at 401.15 eV. And the intensity of graphitic-N
reveals the successful nitrogen doping process of N-CNTs/N-graphene in the one-step CVD process.
4. Conclusions
In summary, we have reported a facile one-step CVD technique approach to fabricate 3D
N-CNTs/N-graphene nanomaterial using low-cost industrial melamine as a single carbon and nitrogen
source. The N-CNTs/N-graphene are synthesized from one-dimensional N-doped carbon nanotubes
and two-dimensional N-doped graphene which grown on the surface of nickel foam possessing
interconnected porous 3D structure at 800 ◦ C. The one-dimensional N-doped carbon nanotubes
densely distribute on the surface of two-dimensional graphene sheet. The graphene sheet serves as
supports of N-doped CNTs and Ni nanoparticles, which lead to nucleation and growth of CNTs and
the CNTs in turn prevent the graphene sheets from aggregating. The results also show that defects
appear in the wall of CNTs and graphene sheets, which means the successful nitrogen doping process
of N-CNTs/N-graphene in the one-step CVD process. Remarkably, the atomic percent of nitrogen is up
to 12.7%, which is higher than that of the previous reports on similar materials. And pyridinic-N is the
main bonding configurations of nitrogen atoms in the 3D hybrids. The doped nitrogen induces more
defects and active sites on the surface of carbon framework but also effectively improves the electronic
properties and surface wettability. As a result, the N-CNTs/N-graphene nano-architecture may be
suitable for many energy-conversion and energy-storage materials, for example, Li-ion secondary
batteries, supercapacitors and Li-S batteries.
Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/9/700/s1,
Figure S1: (a), (b) and (c) SEM image of N-doped CNTs by using different mass ratio of NF and melamine, Figure
S2: SEM image of melamine on NF at 400 ◦ C, Figure S3: (a–h) high-magnification SEM images showing the
integration between CNTs and graphene in different spots of samples, Figure S4: High-magnification SEM image
of graphene sheet on NF, Figure S5: (a), (b), and (c) Low-magnification and high-magnification SEM images of
sample after removing NF, Table S1: Atomic composition of N-CNTs/N-graphene, Table S2: Different bonding
configurations of N in N-CNTs/N-graphene.
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