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Abstract The composites consisting of nitrogen-doped
carbon nanotubes (N-CNTs) and nitrogen-doped carbon
nanofibers (N-CNFs) were fabricated using a mixture of
nickel foam (template) and imidazole (solid precursor)
in a facile one-step chemical vapor deposition (CVD)
process. The morphology and microstructure of the N-
doped carbon nanotubes/N-doped carbon nanofibers
hierarchical composites (N-CNTs/N-CNFs) were deter-
mined by scanning electron microscopy, transmission
electron microscopy, X-ray diffraction, Raman spectra,
and X-ray photoelectron spectroscopy. The results indi-
cated that the sample manifests regular hierarchical
composites, great graphitization, and nitrogen doping.
Furthermore, a probable growthmechanism is presented
to analyze the composites.

Keywords N-dopedcarbonnanotubes .N-dopedcarbon
nanofibers . One-step chemical vapor deposition . Solid
precursor . Imidazole . Hierarchical nanocomposites

Introduction

3D hierarchical carbon nanomaterials, for example,
CNTs/graphene, CNFs/graphene, and CNTs/CNFs, have
received tremendous attention due to their extraordinary
mechanical strength, thermal, and electrical properties
(Su et al. 2017; Yan et al. 2013; Fan et al. 2010; Dong
et al. 2013; Zhao et al. 2013; Kim et al. 2014; Peter et al.
2016; Zhang et al. 2018). As the typical 2D carbon
nanomaterials, carbon nanotubes (CNTs) and carbon
nanofibers (CNFs) have distinct merits, such as excellent
mechanical strength, outstanding surface-to-volume ratio
and high electrical conductivity. Therefore, they are
promising choices in many applications such as batteries,
supercapacitors, and energy storage (Landi et al. 2009;
Zeng et al. 2014; Zhang et al. 2016). However, due to the
existence of interfacial p-p interaction or the van der
Waals’ forces, those carbon nanostructures are easily
agglomerated and stacked during the synthesis process
and their electrochemical performances are inevitably
lower than the theoretical predictions (Kim et al. 2012).
In order to further overcome these shortcomings, various
synthetic strategies and approaches have been attempted
to acquire 3D carbon nanotubes/carbon nanofibers hier-
archical composites. These special hierarchical compos-
ites not only effectively alleviate the agglomeration and
stacking of CNTs and CNFs but also provide a large
number of transport channels for electrons and ions be-
tween the CNTs and CNFs (Wang et al. 2015). Conse-
quently, the 3D carbon nanotubes/carbon nanofibers hi-
erarchical composites accordingly exhibit synergistic ef-
fects relative to the simple 2D structure of CNTs or CNFs
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and show promising applications in the fuel cell (Hou and
Reneker 2004), batteries (Park et al. 2013), and
supercapacitors (Guo et al. 2009).

So far, several studies have reported the fabrication of
3D carbon nanotubes/carbon nanofibers hierarchical
composites. Among those approaches, chemical vapor
deposition appears to be a widespread and effective way
to fabricate the hierarchical composites composed of
CNTs and CNFs. Nevertheless, the reported 3D carbon
nanotubes/carbon nanofibers hierarchical composites
are typically prepared by a multistep CVD route, which
first needs electrospinning technique and post-
carbonization for the preparation of CNFs, and
subsequently, the use of toxic organic gases as the
carbon source for the growth of CNTs. For example,
Wang et al. (2015) have reported a CVD method using
C2H4 as the carbon source for the synthesis of carbon
nanotube/carbon nanofiber hierarchical composites.
Hou and Reneker (2004) have fabricated the CNT/
CNFs via a CVD process using electrospun Fe
nanoparticles–loaded carbon nanofibers as a substrate
and hexane as the carbon source of CNTs. Especially,
the stable and suitable catalysts that always need com-
plex pretreatment is vital to the construction of 3D
carbon hybrids in the previous reports (Park et al.
2013; Guo et al. 2009, 2014). Therefore, it is more
desirable that CNFs/CNTs hybrid could be prepared
by a simple one-step CVD technique. Simultaneously,
nitrogen, an attractive heteroaromatic dopant, is always
used to further tailor the chemical properties of sp2

carbon materials (Sheng et al. 2011; Yang et al. 2015;
Zhang et al. 2013). As a “neighbor” of carbon, nitrogen
is chemically relatively easy to incorporate into the
lattice of carbon materials due to the similar atomic
r a d i u s compa r ed w i t h o t h e r h e t e r o a t oms
(Paraknowitsch and Thomas 2013). Moreover, nitrogen
doping can form disordered carbon structure and gener-
ate extrinsic defects, leading to an enhanced electronic
conductivity (Ding et al. 2016; Song et al. 2016; Liu
et al. 2013) and various approaches have been reported
to obtain the nitrogen-doped carbonaceous materials.
For example, Ghosh et al. (2010) achieved the goal of
preparing highly nitrogen-doped CNTs by using imid-
azole as precursor. Guo et al. have used toluene or
pyridine as the nitrogen and carbon source of the
nitrogen-doped CNTs/CNFs composite (Guo et al.
2014). However, the N-CNTs/N-CNFs synthesized by
using imidoze as a single carbon and nitrogen source has
not been reported before. Hence, it would be quite

superior to synthesize such a 3D hierarchical composite
in a one-step CVD method involving the simultaneous
growth of N-CNTs and N-CNFs by using imidazole on a
single metal substrate.

Herein, we report for the first time a successful direct
synthesis of N-CNTs/N-CNFs in a one-step CVDmeth-
od, where both N-doped carbon nanotubes and N-doped
carbon nanofibers grow simultaneously on the nickel
foam without adding any other metal or no-metal cata-
lysts. In the work, we use imidazole, a nitrogen-
containing aromatic rings carbon precursors, as a dual
supplier of carbon and nitrogen of nitrogen-doped car-
bonaceous structure. The nickel foam (NF) not only
serves as the substrate for the growth of N-CNTs and
N-CNFs, but also offers in situ generated Ni nanoparti-
cles (Ni NPs) as a catalyst during the synthesis process.
Moreover, Ar was introduced as a carrier gas in the
synthesis process and it is worth noting that changes in
gas flow rate have a great influence on the morphology
of N-CNTs/N-CNFs.

Experimental details

Growth of N-CNTs/N-CNFs hierarchical composites
on nickel foam

Nickel foam (NF) was used for this study, which was
first cut into pieces of 10 × 15 mm2. To eliminate me-
tallic oxides and impurities on the surface of NF, NFwas
successively dispersed in acetic acid and ethanol solu-
tion by ultrasound for 20 min and blown dry with
nitrogen (purity, 99.99%). After the pretreatment, the
NF was mixed with imidazole according to the mass
ratio (1:5) and the above sample was then introduced at
the center of the horizontal quartz tube with an outer
diameter of 30 mm and an inner diameter of 22 mm.
Especially, the inside walls of a horizontal quartz tube
were cleaned by using deionized water and ethanol.
Before reaching to the reaction temperature of 800 °C,
the temperature of the CVD furnace was raised at a ramp
rate of 30 °C/min (below 600 °C) and 20 °C/min (be-
tween 600 and 800 °C) under a flow rate of 50–150
standard cubic centimeters per minute (sccm). After
annealing for 30 min at the reaction temperature, the
furnace was cooled to room temperature in the Ar at-
mosphere at a flow rate of 30 sccm and the black
products were taken out of the quartz tube. Finally, the
obtained sample was washed in HCl (3 mol/L) solution
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at 80 °C for 2 days to fully remove the nickel substrate
yielding the desired N-CNTs/N-CNFs hierarchical com-
posites. Here, we mainly focus on a systematic investi-
gation of the effect of the carrier gas flow rate on the
morphology of the sample.

Material characterizations

X-ray diffraction (XRD, Bruker D8 Advance, Billerica,
MA, USA) was employed to identify the crystallograph-
ic information of the prepared sample. The
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Fig. 1 a Schematic diagram of
the synthesis of N-CNTs/N-CNFs
by one-step CVD technique, b
schematic diagram of the possible
tip grow mechanism of CNTs in
the hybrid



morphologies and microstructures were recorded by
using field emission scanning electron microscopy
(SEM, FEI QUANTA 200F, Hitachi, Tokyo, Japan)
and transmission electron microscopy (TEM, JEOL
2010F, Peabody, MA, USA). X-ray photoelectron spec-
troscopy analyses (XPS, PHI-5700, Ulvac-Phi,
Chigasaki, Japan) and Raman specrtroscopy (Raman,
Horiba Evolution, Tokyo, Japan) were used to analyze
the nitrogen doping degree of the sample.

Results and discussion

As shown in Fig. 1a, initially, the imidazole mixed with
NF gradually decompose and release many corrosive
gases (Ghosh et al. 2010; Minier et al. 1995) such as
(H2, NH3) which continually etch the Ni template for
producing Ni NPs with the increasing of temperature in
the CVD furnace (Ding et al. 2016; Li et al. 2018). As
the complete pyrolysis of imidazole, the generated car-
bon atoms first disperse on the surface of NF, and
subsequently dissolve when the temperature approaches
800 °C. Once the reaction temperature begins to decline,
a multitude of carbon atoms continuously precipitate on
the surface of NF and combine with nitrogen atoms,
eventually facilitating the growth of N-CNFs under the

catalytic effect of Ni template. Furthermore, the exces-
sive Ni NPs produced by NF etching result from imid-
azole pyrolysis adhere to the surface of N-CNFs due to
the dissolution of carbon atoms (Ding et al. 2016).
Interestingly, N-CNTs simultaneously grow on the al-
ready grown N-CNFs by varying the flow rate of carrier
gas during the whole synthesis process. As the Ar flow
rates increasing, corrosive gases are probably carried out
to the CVD furnace, resulting in a decreased concentra-
tion of gas etchant. Minjae et al. discovered that a higher
concentration of gas (such as H2) would suppress the
decomposition of hydrocarbon precursor, which pre-
vents the supply of carbon source for the growth of
CNTs (Jung et al. 2011). Furthermore, the probable
“tip-growth” mechanism of N-CNT on the N-CNF sur-
faces is shown in Fig. 1b. First, the Ni NPs deposit and
embed on the surface of N-CNFs due to the great
dissolution of carbon atoms, leading to the formation
of nucleation sites and CNTs initiate growth at these
nucleation sites. As the carbon atoms continue to diffuse
to the surface of Ni NPS, subsequently, the carbon
atoms rapidly become supersaturated and ultimately,
they precipitate from the bottom of the Ni NPs with
the structure of CNTs. It is consistent with the previous
reports that the CNTs grew on the carbon nanomaterials
by the annealing process in the CVD furnace (Guo et al.
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Fig. 2 a–c Low- and high-magnification SEM images of the Ni NPs-loaded N-CNFs grown on the surface of nickel foam at the carrier gas
flow rate of 50 sccm, d–f low- and high-magnification TEM images of the Ni NPs-loaded N-CNFs at the carrier gas flow rate of 50 sccm



2009; Yan et al. 2018). To further investigate the effect
of carrier gas flow rate for the 3D hierarchical compos-
ites, we carried out controlled experiments by using
different carrier gas flow rate (50 sccm, 100 sccm, and
150 sccm) in our case.

SEM analysis

The SEM micrographs of the structures fabricated at a
flow rate of 50 sccm are shown in Fig. 2. The 3D
interconnected porous structure of NF is displayed in
Fig. 2a and we could observe numerous “black wires”
on the 3D scaffold, which are N-CNFs (Fig. 2b). As
shown in Fig. 2c, N-CNFs with a diameter between 100
and 200 nm are densely grown on the substrate but
CNTs are not observed at this flow rate. Furthermore,
it is found that large amounts of Ni NPs with a diameter
between 10 and 15 nm (Fig. 2f) uniformly dispersed and
nearly covered the overall surface of N-CNF (Fig. 2d, e)

result from the violent etching process of carbon pre-
cursor gases during the heating stage. And such a strong
contact and uniform dispersion of Ni NPs is suitable for
the homogeneous growth of N-CNTs. Additionally, the
synthesis of Ni NPs-loaded N-CNFs could be fabricated
in a one-step CVD technique, which simplifies the
procedure compared with the previous similar report
(Hou and Reneker 2004).

When the carrier gas flow rate of 100 sccm and a
temperature of 800 °C are maintained, SEM analysis in
Fig. 3a suggests that curved N-CNTs with a length of
about 300 nm could uniformly grow on the surface of N-
CNFs film, forming a special 3D carbon structure. This
suggests that when the carrier gas flow rate increases
from 50 to 100 sccm, more gases etchant (H2) are
carried out to the furnace, increasing precursor decom-
position and the subsequent emergence of N-CNTs
growth. This extraordinary structure provided additional
active sites, beneficial for the application of N-CNTs/N-
CNFs hierarchical composites in the electrochemical
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Fig. 3 a, b Low- and high-magnification SEM images of the N-CNTs/N-CNFs at the carrier gas flow rate of 100 sccm, c, d low- and high-
magnification SEM images of the N-CNTs/N-CNFs at the carrier gas flow rate of 150 sccm



applications (Zhang et al. 2018). Simultaneously, there
are a few dots on the N-CNFs surface and the top of N-
CNTs, which are confirmed by TEM to be Ni catalysts
(as shown in Fig. 3b). Moreover, at the flow rates of 150
sccm, more carbon atoms from the pyrolysis of feed-
stock are provided to the supply of CNTs during the
synthesis process and consequently, the curled N-CNTs
with bigger length (about 2 μm) densely distribute on
the surface of N-CNF compared with the flow rate of
100 sccm (Fig. 3c, d). The result demonstrates that the
length and density of N-CNTs in N-CNTs/N-CNFs
could be controlled by varying or adjusting the carrier
gas flow rates in our study.

TEM analysis

At a carrier gas flow rate of 100 sccm, Fig. 4a and b
indicate that N-CNT randomly, but tightly, distributed

on the surface of N-CNFs and almost each N-CNTends
with a Ni NP at the tip the nanotubes, revealing the tip-
growth model proposed in the Fig. 1b. Notably, the Ni
NPs (10–15 nm) embed on the N-CNF surfaces owing
to the high solubility of carbon atoms at a high-
temperature condition and there are some nanopores
(5–10 nm) after removing the Ni NPs (as shown in
Fig. 4c). To check the interface structure between the
N-CNTand N-CNF, the 3D composite was immersed in
an ethanol solution by ultrasound for 30 min before the
TEM observations. The result manifests that the N-
CNTs are still closely connected with N-CNFs, proving
a well-interconnected interaction between the N-CNTs
and N-CNFs (as shown in Fig. 4b and f). Furthermore,
the HRTEM image (in Fig. 4d) exhibits an atomic
resolution junction between the produced N-CNTs and
N-CNFs. The root of N-CNTs is well connected with N-
CNFs, further confirming the strong interconnection
between N-CNTs and N-CNFs. From the high-
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Fig. 4 a, b TEM image of N-CNT/N-CNF structure at the carrier
gas flow rate of 100 sccm, c HRTEM image about Ni NPs taken
from the box in b, d HRTEM image of well-interconnected
junction between N-CNT and N-CNF, e HRTEM of the defects
and the number layers of N-CNT, f, g TEM images of N-CNT/N-

CNF structure at the carrier gas flow rate of 150 sccm, h HRTEM
image about single N-CNT taken from the box in g, i HRTEM of
the defects and the number layers of N-CNTat the carrier gas flow
rate of 150 sccm



magnification TEM image (Fig. 4e) of the N-CNT, it
exhibits a typical morphology of multiwalled CNT and
the diameter of N-CNT and the number of layers is
measured to be 15–20 nm and about 15 layers, respec-
tively. Interestingly, many defects are also observed
from nanotube, which mainly result from the successful
incorporation of nitrogen atoms into CNTs (Sharifi et al.
2012). As the flow rate increases from 100 to 150 sccm,
an increased amount of N-CNTs with the bigger length
are found attached to the N-CNF surfaces and highly
defective sites are also identified in Fig. 4f and h. These

defective sites could effectively improve the electron
transport capacity (Yan et al. 2018). However, HRTEM
images in Fig. 4h and i illustrate a similar morphology of
multiwall CNT with an increased diameter (35–40 nm)
and layers (about 50 layers) compared with the low
carrier gas flow rate. The comparison suggests that as
the flow rate increases, more gas etchant (such as H2) are
carried out to the CVD furnace and do not have
abundant gas for the etching process, leading to a
decrease in the size of Ni NPs. Huczko (2002) investi-
gated that the diameters and the number of layers in the
CNTs were primarily determined by the size of
catalysts. Moreover, Aksak and Selamet (2010) further
reported that the morphology of carbon nanotube could
be tuned by controlling catalyst particle size under dif-
ferent H2 amounts. Therefore, the higher carrier gas flow
rate and the constant reaction temperature (800 °C)
could result in the growth of N-CNTs with larger diam-
eters and layers.

Table 1 Atomic composition of N-CNFs and N-CNTs/N-CNTs

Sample C N O

N-CNFs 86.78% 6.44% 6.78%

N-CNTs/N-CNFs 89.52% 7.95% 2.55%
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Fig. 5 a, b XRD and Raman spectra images of the N-CNFs and N-CNTs/N-CNFs, c schematic diagram of N-doped carbon matrix with
graphitic, pyrrolic, pyridinic, and oxided N, d XPS spectra of the N-CNFs and N-CNTs/N-CNFs



XRD and Raman analysis

Further characteristics of N-CNTs/N-CNFs composite
are conducted by X-ray diffraction (Fig. 5a). The main
peaks from both N-CNFs and N-CNTs/N-CNFs locate
at approximately 26°, which can be assigned to the
(002) crystal plane of graphitic carbon (Fan et al.
2010). Additionally, as shown in the red and blue curve,
the other three low characteristic diffraction peaks at
44.5°, 52.5°, and 76° are also visible due to Ni compo-
nents remaining in the sample after substrate etching (Li
et al. 2018). Remarkably, the XRD peak at 26°of N-
CNT/N-CNF is sharper than that of N-CNF, indicating
the more graphite amount and better crystalline degree
after integrating the N-CNT with N-CNF and graphitic
crystal structure is restored during the N-doping process
(Cai et al. 2017).

Raman spectroscopy is an effective tool to evaluate
the crystalline and defects in the sp2-hybridized carbon

structure (Fig. 5b). The strong band at about 1580 cm−1,
referred to as G band, corresponds to the graphitic E2g

modes, which testify the graphitization. The peak at
about 1350 cm−1 originates from the number of defects
in the carbon structure and the intensity ratio of D to G
band (ID/IG) is associated with the defects in the gra-
phitic carbon. The ID/IG ratio (0.82) of N-CNT/N-CNF
is lower than the ID/IG (0.87) ratio of N-CNF, indicating
several defects are reduced during the N-CNT growth.
Nevertheless, it can be observed that certain content of
defects successful incorporates into the composite in the
above TEM results (Fig. 4e, h). This conflict is attribut-
ed to the reason that more defects removed from N-
CNFs and fewer defects formed in N-CNTs according to
the related report (Wang et al. 2015). Moreover, com-
pared with the N-doping materials (ID/IG, 0.57–1) using
imidazole as carbon and nitrogen source fabricated by
Liu et al., our 3D composites include more defects and
posses a higher atomic ratio of N (Liu et al. 2011).
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Fig. 6 a, b High-resolution C1s XPS spectra of the N-CNFs and N-CNTs/N-CNFs, c, d high-resolution N1s XPS spectra of the N-CNFs
and N-CNTs/N-CNFs



XPS analysis

The XPS measurements (Fig. 5d) confirmed that the N-
CNTs/N-CNFs are mainly of C, N O. The atomic per-
centage of N in N-CNTs/N-CNFs (7.95%) is higher than
the N-CNFs (6.44%), revealing more nitrogen atoms
incorporate into the carbon matrix due to the presence
of N-CNTs (Table 1). The atomic percentage of N in N-
CNTs/N-CNFs is much higher than that of the previous
studies (Guo et al. 2009) (4.8% in nitrogen atomic
percentage) about NCNT/CNF by using CVD methods,
which is probably attributed to the easier incorporation
into carbon matrix of nitrogen from pyrolysis of imid-
azole. Figure 6a and b display the typical high-
resolution XPS spectra of C 1s for N-CNFs and N-
CNTs/N-CNFs and they could be deconvoluted into
three peaks at 284.6, 285.3, 286.6 eV, which correspond
to C–C, C–O/C=N, and C–N, respectively. This result is
consistent with the similar N-doped 3D composite re-
ported by Guo et al. (2014). The high-resolution XPS N
1s peak (Fig. 5d) reveals the four types of nitrogen
defects, corresponding to pyridnic N (397.99 eV), pyr-
rolic N (400.26 eV), graphitic N (401.15 eV) and oxi-
dized N (405.6 eV) (Fig. 6c). The high intensity of
graphitic N indicates the success of nitrogen doping in
the N–CNTs and N-CNFs (Fig. 6d). It is clearly ob-
served that the peak areas of graphitic N in N-CNTs/N-
CNFs are significantly higher than those of N-CNFs.
This result agrees well with data shown in Fig. 5d. As
the predominant bonding configurations of N in N-
CNTs/N-CNFs, pyridinic-N leads to more active sites
towards ORR, resulting in high electrocatalytic activity
from the relevant report (Tian et al. 2014).

Conclusions

In summary, 3DN-CNTs/N-CNFs hierarchical compos-
ites have been fabricated by a simple one-step CVD
method using imidazole as the carbon and nitrogen
source at 800 °C. Interestingly, the N-doped multiwall
CNTs are successfully grown on the surface of N-CNFs
and the morphology (such as length, diameter, density)
of N-CNTs could be controlled by only adjusting the
carrier gas flow rates at the constant temperature of
800 °C. The N-CNTs directly grow on the N-CNFs
surface, which could not only alleviate the agglomera-
tion and stacking but also serve as the facilitated trans-
port channel for electrolyte ions. Meanwhile, more

defects are observed in the 3D hierarchical composites,
which is resulted from the successful incorporation of
nitrogen atoms into the carbon matrix. The result indi-
cates that pyridinic-N is the predominant bonding con-
figurations of nitrogen atoms in the N-CNTs/N-CNFs
hierarchical composites, resulting in more active sites on
the surface of carbon matrix which is beneficial to
improve the electrochemical properties and chemical
adsorption. As a result, such 3D hierarchical composites
probably act as promising materials in energy storage
and energy conversion applications, such as fuel cells,
batteries, and supercapacitors.
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