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a  b  s  t  r  a  c  t

Vertically  aligned  nitrogen-doped  carbon  nanotubes  (NCNTs)  with  uniform  size distribution,  large  aspect
ratio, good  orientation,  and  high  purity  were  employed  as novel  platforms  to  understand  the  dopant-
induced  perturbations  and  found  widely  applications  in catalysis,  electrochemistry,  energy  conversion
and  storages.  However,  the  efficient  way  to synthesis  CNTs  with  ordered  alignment  in  large  scale  is
still  a challenge.  We  reported  NCNTs  were  efficiently  synthesized  on  a lamellar  vermiculite  catalyst  in a
fluidized-bed  reactor.  The  catalysts  and  as-grown  products  can  maintain  good  fluidization  state  during  the
whole  growth  process.  The  intercalated  growth  mode  prevented  the  NCNT  arrays  from  the  disturbance
of  particle  collisions  in  the  fluidized  bed. With  the  introduction  of  nitrogen  precursor,  N  atoms  were
doped  into  CNTs  and  formed  NCNTs  with  bamboo-like  structure.  The  content  of  N doping  can  be  tuned
hemical vapor deposition
anotechnology

in  a  range  of  1.55–4.23%  and  the  distribution  of  N-containing  functional  groups  can  also  be  modified  by
changing  either  the  growth  temperatures  or nitrogen  sources  (NH3, 1,2-ethylenediamine,  and  pyridine).
We  explored  the growth  temperature  ranging  from  650  to 800 ◦C.  High  growth  temperature  led  to  a
high  NCNT  yield  (2.95  gNCNT/gcat h),  large  NCNT diameter  (about  20  nm),  and  high  graphitization  degree.
This  provides  a potential  way  for  the  controllable  mass  production  of aligned  NCNTs  for  applications  in
catalysis,  materials  science,  energy  conversion  and storage,  etc.
. Introduction

The introduction of nitrogen as hetero-atoms into carbon nan-
tubes (CNTs) offers a possibility of tailoring their structural
nd electronic properties [1].  Nitrogen atoms doped within the
raphene matrix act as electron donors and promote n-type
onductivity. The nitrogen-doped CNTs (NCNTs) have metallic
roperties which are characterized by the presence of a donor state
lose to the Fermi level [2–4]. Thus, the NCNTs can be employed
s novel platforms to understand the dopant-induced perturba-
ions on physical properties of one-dimensional nanomaterials [1].
ecently, great interest has been paid on NCNTs for their poten-
ial applications in catalysis [5],  energy conversion and storage [6],
ensors [7],  etc. For instance, NCNTs, as a kind of novel metal-free
atalysts, can be used for oxygen reduction reaction [8],  Knoeve-

agel condensation [9],  and dehydration [10]. On the other hand,
hey serve as extraordinary supports for metal catalysts (such as
e, Ru, Pt) for ammonia decomposition [11,12], oxygen reduction
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E-mail address: wf-dce@tsinghua.edu.cn (F. Wei).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.10.021
© 2011 Elsevier B.V. All rights reserved.

[13,14],  cinnamaldehyde hydrogenation [15], alcohols oxidation
[16], H2O2 direct synthesis from H2 and O2 [17], and electrox-
idation [18–21].  Also, the N atoms doped in CNTs can provide
pseudo-capacitance for supercapacitor [22–25].  Vertically aligned
NCNTs combine the advantages of the ordered alignment struc-
ture (such as uniform size distribution, large aspect ratio, good
orientation, and high purity) with their pristine properties. Based
on aligned NCNTs, advanced fuel cells [26], high current density
field emission devices [27,28], advanced supercapacitor, and Li-
ion batteries have been achieved. Furthermore, it is found that
the properties of NCNTs were sensitive to the N doping content
and the N-containing functional group distribution. Usually, high
N-doping level provides more active sites for catalysis reaction
and higher pseudo-capacitance [29]. For instance, the pyridinic-N
site shows high activity for oxygen reduction reaction [30], and
piperidine-N provides strong base site for catalysis [29]. There-
fore, the large scale synthesis of the vertically aligned NCNTs in
a controlled manner is one prerequisite for the potential industrial

applications.

Entangled NCNTs were commonly grown on powder cata-
lysts in a fixed bed reactor [31–34].  When some flat substrates
(such as quartz plates and silicon wafers) were used in a

dx.doi.org/10.1016/j.cattod.2011.10.021
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:wf-dce@tsinghua.edu.cn
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Fig. 1. Low magnification SEM images of (a) original vermicu

hemical vapor deposition (CVD) reactor, NCNTs were syn-
hronously synthesized with good alignment [14,35–38].  As the
ow surface area of flat substrates, the available area for aligned
CNT growth was therefore quite limited. The amount of the
ligned CNTs is proportional to the surface area of a substrate.
hus, only milligram scale aligned CNTs can be synthesized for
ost batch-CVD growth. Although the fixed bed was widely used

owadays for the fabrication of the aligned NCNTs in laboratory,
t suffered several engineering problems in scaling up, such as
am, non-uniform products in a same reactor, and low synthesis
fficiency.

Up to now, CNTs have been mass produced on fluidizable cat-
lysts in a fluidized bed reactor, benefiting from enough growth
pace, excellent diffusion and heat transfer, easiness in scaling
p, and continuous operation [39–45].  Developing a fluidizable
atalyst for aligned CNT growth is still a key issue. If the CNTs
an be synthesized within an individual particle, then the col-
usions among CNT arrays during growth can be avoided. Based
n this idea, we recently developed a fluidizable aligned CNT
atalyst with natural lamellar clay as catalyst support, and uni-
ormly distributed transition metal phases among the inorganic
ayers as active metal phases [46]. Aligned CNTs were interca-
atedly grown among the clay layers, thus, CNT product kept
ood alignments [47]. Mass production of aligned CNTs at a yield
f 3.0 kg/h in a pilot-plant fluidized bed reactor was realized
48].

In this contribution, a route to synthesize vertically aligned
CNTs on lamellar catalyst in a fluidized bed reactor was

eported by introducing nitrogen sources (such as NH3, 1,2-

thylenediamine, or pyridine) into the reactor. The N-doping level
nd the relative N-containing functional group amount can be
uned by the growth parameters. This provides a potential way for
he controllable mass production of aligned NCNTs.
talyst, and the products grown at (b) 650; (c) 700; (d) 800 ◦C.

2. Experimental

2.1. Catalyst preparation

Vermiculite, a clay mineral which is a group of micaceous
hydrated silicate minerals related to the chlorites and used in
heat-expanded form as insulation and as a planting medium, was
used as the catalyst support. The vermiculite used in our exper-
iment was mined in Lingshou, Hebei Province of China. In brief,
vermiculite particles with a size of 100–250 �m (bulk density of
about 160 kg/m3) were suspended in distilled water to form a uni-
form suspension through strong stirring at 80 ◦C. Subsequently, an
aqueous solution of iron nitrate (Fe(NO3)3·9H2O) and ammonium
molybdate ((NH4)6Mo7O24·4H2O) was  mixed with the suspension
quickly. The mass ratio between vermiculite, water, iron nitrate,
and ammonium molybdate was  20:100:5:1. The obtained mixture
was kept at 80 ◦C for 5 h. After filtration, the filtrated cake was dried
at 110 ◦C for 12 h and further calcined at 400 ◦C for 1 h using Ar/H2
mixture gas (200 and 100 sccm) in a quartz tube (inner diameter
30 mm). Then the lamellar Fe/Mo/vermiculite catalyst for the pro-
duction of aligned NCNTs was  obtained. The minimal fluidization
velocity (umf) of the lamellar catalyst was  1.6 cm/s. The catalysts
were in fluidized state when the gas velocity was over umf. With an
increasing gas velocity, several flow patterns or regimes identified
as particulate fluidization, bubbling fluidization, turbulent fluidiza-
tion, fast fluidization, and the pneumatic conveying regimes were
achieved. The detailed fluidization behavior of this catalyst can be
found in Ref. [47].
2.2. Aligned NCNT synthesis

For the synthesis of aligned NCNTs, NH3 was used as the nitro-
gen source in a fluidized bed reactor with an inner diameter of
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Fig. 2. (a and b) Low magnification SEM images of as-obtained products after CNT growth with NH3 as nitrogen source at 750 ◦C; (c) high magnification SEM image showing
t ificati
e  NCNT
( rred to

2
l
T
p
o

he  aligned NCNTs distributed between catalyst layers; (d) low and (e) high magn
nlarged spectrum of N–K edge; (g) high resolution TEM and (h–i) EFTEM image of
For  interpretation of the references to color in this figure legend, the reader is refe

0 mm,  and the lamellar Fe/Mo/vermiculite was selected as cata-

yst. About 1.0 g catalyst was fed into the reactor before reaction.
he quartz fluidized bed reactor was then heated to reaction tem-
erature in Ar atmosphere. After the reduction with H2, a mixture
f C2H4/NH3/H2 was introduced into the fluidized bed and the
on TEM images of the as-prepared NCNTs; (f) EELS of the NCNTs; the insert is the
s, where the red color stands for carbon, and the cyanine color stands for nitrogen.

 the web version of the article.)

reaction occurred within the vermiculite particles. The catalysts

were smoothly fluidized in the reactor, and the growth maintained
for 30 min. After the reaction, the fluidized bed reactor cooled
down under Ar atmosphere. The as-grown product was collected
for further characterizations. Typical flow rates for Ar, H2, C2H4,
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ig. 3. (a) XPS narrow spectra in N region; (b) Raman spectra; (c) thermogravimet
itrogen source at 750 ◦C.

nd NH3 were 200, 100, 100, and 60 sccm, respectively. The growth
emperatures were in the range of 650–800 ◦C. The gas velocity
tood at about 7.5–8.7 cm/s under different growth temperatures,
hich kept both the catalysts and the as-produced products in

table fluidization state. We  also synthesized un-doped CNTs for
omparison with the exactly same condition except that no NH3
as introduced. The synthesis of aligned NCNTs using pyridine or

,2-ethylenediamine as nitrogen sources were in the similar con-
itions, except an additional vaporization process before entering
he fluidized bed. Typical flow rates for Ar and H2 were 200 and
00 sccm, respectively. The injection rates of liquid pyridine or 1,2-
thylenediamine were 10 or 11 mL/h, respectively.

.3. Characterizations

The morphology of the aligned NCNTs was characterized using a
SM 7401F scanning electron microscope (SEM) operated at 5.0 kV,
nd a JEM 2010 high-resolution transmission electron microscope
TEM) operated at 120.0 kV. The specimens for TEM observa-
ion were prepared using a common sonication method. Raman
xperiments were performed with a Renishaw RM2000 Raman
pectrophotometer. The spectra were recorded using a He–Ne
aser excitation line at 632.8 nm on the aligned NCNTs at ambi-
nt temperature. The purity of NCNTs in the as-grown product
as obtained through thermogravimetric analysis (TGA) by Met-

ler Toledo TGA/DSC-1, with a temperature ramp rate of 20 ◦C/min
rom 30 to 900 ◦C. X-ray photoelectron spectroscopy (XPS) was
sed to determine the content of N element and the composi-
ion of N-containing functional groups with PHI Quantera SXM.
he microstructures and energy filtered transmission electron
icroscopy (EFTEM) analysis of products were carried out on a

hilips CM200 FEG TEM equipped with an image energy filter
GIF200, Gatan) at 200 kV. Electron energy-loss spectra (EELS) were
cquired in diffraction mode at 0.1 eV per channel with a probe size
f around 100 nm radius, circular region.

. Results and discussion

.1. Growth of aligned NCNTs in a fluidized bed
Lamellar vermiculite with intercalated Fe/Mo phase as the
ctive composition was employed as the catalyst for the
ligned NCNT synthesis. The pristine density of the vermiculite
) and differential thermogravimetric (DTG) curves for aligned NCNTs with NH3 as

catalyst is 2300 kg/m3, while the bulk density of the as-obtained
Fe/Mo/vermiculite catalyst was  just 160 kg/m3. According to
the density and size distribution, the Fe/Mo/vermiculite catalyst
particles belong to A particles according to Geldart particles clas-
sification [49]. Fig. 1a–d shows the low magnification SEM images
of the catalyst before reaction, and the products by CVD growth at
650, 700, and 800 ◦C, respectively. The original catalyst possessed a
plate-like morphology with layer-stacked structure. With the inter-
calated growth of aligned NCNTs between the layers, the thickness
of the catalyst increased. A vertically aligned CNT intercalated com-
pound with a stick-like morphology was obtained. Though the size
of the particles increased with the growth of aligned CNTs during
the CVD growth, the powders can still maintain their fluidization
status during the whole growth process.

The CNT growth with NH3 as the nitrogen source was inves-
tigated as a typical process. Fig. 2a showed a low magnification
SEM image of catalyst particles after half-hour growth. The cata-
lyst particles turned into a worm-like structure with aligned CNTs
intercalatedly distributed between the inorganic layers. Detailed
observation showed that the intercalated CNT arrays were with
a length of ca. 20 �m (Fig. 2b, aligned NCNTs and catalyst lay-
ers were indicated by white arrows). With continuous growth of
aligned NCNTs, the stress among the layers of vermiculite and
arrays increased, leading to the breakage of the vermiculite lay-
ers. However, the as-grown NCNTs were still with good alignment
in the direction perpendicular to the catalyst layers (Fig. 2c). There-
fore, the as-obtained product was  with alternate inorganic layers
and aligned NCNTs. Fig. 2d and e illustrated the TEM images of
the obtained NCNTs. The doping of N atoms altered the graphene
structure of the multi-walled CNTs and led to a bamboo-like struc-
ture. This is quite different from un-doped CNTs with hollow inner
core [43,46–48].  It was  proposed that the carbon/nitrogen source
decomposed and dissolved in the metal particles at high tempera-
ture. The migration of C/N atoms on the surface was  the dominant
process than diffusion through the catalyst nanoparticles. As a
result, the N-doped graphene sheets precipitated from the cata-
lyst particle and periodically pushed themselves out, which caused
the formation of bamboo-liked structures [34]. Here, the NCNTs
were with large outer diameter (about 15 nm)  and thin side walls

(less than 10 walls). The side walls formed cap-like structure and
stacked in the same direction to form the bamboo-like NCNTs. The
inner hollow core was  separated by the graphene layers into non-
uniform compartments (length of 10–20 nm). Unlike the un-doped
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ig. 4. Low and high magnification TEM images of NCNTs obtained at different grow

NTs with uniform side walls, the thicknesses of the side walls
iffered a lot. EELS measurement of the sample was presented in
ig. 2f. It was obtained from a circular region with 100 nm diameter
ncluding a couple of NCNTs perpendicular to the electron beam.
sually core-edge features in EELS occur when a core electron is
romoted to an unoccupied state above the Fermi level. The EELS

eveals the atomic environment, local electronic state as well as the
oping level in CNTs. In the case of C–K edge, in-depth analysis of
ear-edge fine structure confirms the sp2-hybridized state of car-
on, where the sharp 285.2 eV peak is due to the transition from
mperatures: (a and b) 650 ◦C; (c and d) 700 ◦C; (e and f) 750 ◦C; (g and h) 800 ◦C.

C 1s core level to �* band. A broad band at about 293.3–310.2 eV
corresponds to the transition to �* orbital merged to the broad �*
band. To estimate the relative sp2 hybridization ratio, it is assumed
that the ratio of integrated areas under �* and �* peaks is propor-
tional to the ratio of � and � states [50]. And the sp2 hybridization
ratio was calculated as 0.17. Except for C–K edge, the N–K edge in

Fig. 2f was  also visible at around 403 eV, which confirmed the pres-
ence of nitrogen in CNTs. Fig. 2g–i presented the high resolution
TEM and EFTEM images of the NCNTs, showing the element dis-
tribution of sample. The compartments of the NCNTs were clearly
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ig. 5. (a) The Raman spectra and (b) the trend of IG/ID ratios for NCNTs grown und
rowth temperatures.

llustrated on the EFTEM images, showing that the N element was

istributed almost homogenously.

To determine the content and the relative ratio of different N-
unctional groups, XPS were employed and the N content of 4.23%

Fig. 6. XPS narrow spectra in N region of NCNTs produced using NH3 as ni
ferent temperatures; (c) the TG curves; (d) yields of NCNTs grown under different

was determined. Fig. 3a showed the fine scan and gave clear evi-

dence on the existence for N-containing functional groups. The N
atoms in various N-containing functional groups exhibited differ-
ent bonding environments and electronic structures, thus, different

trogen source in fluidized bed at (a) 650; (b) 700; (c) 750; (d) 800 ◦C.
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ig. 7. The relative contents of N-containing functionalized groups in the aligned
CNTs synthesized under different growth temperatures.

eak positions appeared in the fine scan of XPS. The pyridinic N,
yrrolic N, graphitic N (coordinated N atoms substituting inner

 atoms in the graphene layers), oxidized N, and chemisorbed N
xide were with corresponded binding energy peak positions at
round 398.8, 400.0, 400.9, 403.0, and 405.2 eV, respectively [14].
he doped N atoms in this sample were mainly existed as pyri-
inic N, graphitic N, and chemisorbed N. The relative amount of
-containing functional groups can be estimated accordingly to be
9.1, 55.1, and 5.8%, respectively. Raman spectra were also used to

dentify the graphitization degree of the NCNTs (Fig. 3b). The inten-
ity ratio of G peak (around 1580 cm−1, assigned to the response of
rdered graphite carbon structure) to D peak (around 1350 cm−1,
ssigned to the response of disordered carbon structure) was deter-
ined to be 0.87, indicating a low graphitization degree of the
CNTs compared with the un-doped ones (0.94). This decline of

G/ID can be attributed to the doping of N atoms, which can replace
he C atoms and resulted in the formation of non-hexagonal rings.
he TGA curve (Fig. 3c) showed a sharp mass decrease to 49.1%
t around 385 ◦C, the peak position was much lower than the un-
oped CNTs at around 680 ◦C. This indicated that the introduction of

 atoms to CNTs degraded their thermal stability and induced their
xidation at low temperature. The NCNT yield was  2.01 gNCNT/gcat h
hen the CVD growth was carried out at 750 ◦C.

.2. Influence of growth temperature on aligned NCNT growth
ith NH3 as nitrogen source

The synthesis of aligned NCNTs with NH3 as nitrogen source
as conducted at different growth temperatures (650, 700, 750

nd 800 ◦C). Fig. 4 presented the low and high magnification TEM
mages of the NCNTs, displaying bamboo-like CNT structure and
imilar wall number of less than 10. However, the diameter of
CNTs increased from 5 to 20 nm when the growth temperature

ose from 650 to 800 ◦C. The metallic nano-particles on the clay lay-
rs were prone to sinter into large ones at high temperature [48].
hus, the obtained NCNTs were with larger inner and outer diam-
ter accordingly. Unlike the un-doped CNTs, the NCNTs obtained
nder different growth temperatures demonstrated similar side
all numbers. This can be attributed to the fact that the metal-

ic nanoparticles became unstable in the continuous precipitation
f graphene layers. The fluctuation of C and N atoms caused the
eriodic formation of N-doped graphene layers mainly through the
urface diffusion rather than bulk diffusion. Moreover, the forma-
ion of bamboo compartment would meet smaller stress in this

ituation [51].

The as-obtained NCNTs showed a higher IG/ID ratio with increas-
ng growth temperature (Fig. 5a and b), which indicated that
he higher growth temperature was helpful in improving of the
day 186 (2012) 83– 92 89

graphitization degree of the CNTs. Additionally, more NCNTs can be
synthesized by increasing the growth temperature, which caused
the as-grown products with larger particle size (Fig. 1). This was
also verified by TGA results in Fig. 5c, where the carbon contents
increased monotonically with the growth temperatures. With the
increasing growth temperature from 650 to 800 ◦C, the carbon yield
increased from 0.17 to 2.95 gNCNT/gcat h (Fig. 5d).

Based on XPS examinations, the N contents were estimated to be
2.03, 2.20, 4.23, and 2.41% for the growth temperatures from 650,
700, 750, and 800 ◦C, respectively. The fine scan (Fig. 6a–d) provided
the information about the state of N-containing functional groups.
The four samples included different kinds of N-containing func-
tional groups, and the composition was rather complex for each
sample obtained at high growth temperature. The pyridinic N can
be found in all of the four samples. The pyridinic N can be formed at
relatively low temperature and is generally accepted as one of the
main reasons for the formation of bamboo-like structure. The dop-
ing of nitrogen as pyridinic N site is responsible for the curvature
of graphitic walls, leading to the formation of wall roughness and
also interlinked bamboo-like structure [52]. Graphitic N, which was
the substituted N atom in a C hexatomic ring, was also found in all
samples. When the NCNTs were synthesized at even higher temper-
ature, the oxidized pyridinic N group and chemisorbed N group can
be detected as well. Based on the peak area, the relative amounts
of the N-containing functional groups in the products grown at dif-
ferent growth temperatures were estimated. As observed in Fig. 7,
the ratios of four main functional groups change with the growth
temperature. The ratio of pyridinic N decreased solely with the
growth temperature from 87 to 30%, which was consistent with the
reported behavior of pyridinic N under high temperature [53,54].
The substitution of N atoms for C atoms occurred at high tempera-
ture and the graphitic N reached a highest ratio of 55% at 750 ◦C. The
oxidized N and chemisorbed N only appeared under high growth
temperature, and the amount of oxidized N can reach 28% under
800 ◦C.

3.3. Influence of nitrogen source on aligned NCNT growth

Other nitrogen sources, such as 1,2-ethylenediamine and pyri-
dine, were also used for the NCNT growth in the fluidized bed
reactor. In fact, they can serve both as nitrogen and carbon sources
during CVD growth. Fig. 8a and b showed the SEM images for the
NCNTs from 1,2-ethylenediamine synthesized at 750 ◦C. Similar
intercalated growth behavior can be observed. The NCNTs had a
broad diameter distribution (Fig. 8b). The TEM images (Fig. 8c and d)
verified the bamboo-like structure with the wall numbers varying
from 5 to 15, which was  with a wider distribution compared with
NCNTs obtained using NH3 as nitrogen source. Fig. 8e–g confirmed
the doping of nitrogen into the CNT structure, and the nitrogen also
distributed homogenous on the nanotube.

XPS characterization showed that the N content for NCNTs
derived from 1,2-ethylenediamine was about 1.55% (Fig. 9a). The
most N atoms stayed as graphitic N (64.0%). Small amount of pyri-
dinic N (28.5%) and oxidized N (7.5%) were also detected. The
as-grown sample was also with a similar IG/ID ratio compared with
that obtained with NH3 as nitrogen source (Fig. 9b). From the TGA
curve, the position of weight loss peak was at 482 ◦C, and a NCNT
yield of 1.30 gNCNT/gcat h was  obtained (Fig. 9c).

When pyridine was used as both the carbon and nitrogen
sources, the NCNTs showed alternate aligned NCNTs and inorganic
layer morphology (Fig. 10a  and b). The as-grown NCNTs illus-
trated a fishbone-like structure with an angle of 5–10◦ between

the graphene sheets and the tube axis. Besides, the side wall num-
ber was  estimated to be around 13 (Fig. 10c and d), which was
much larger than that obtained with NH3 or 1,2-ethylenediamine
as nitrogen source (Figs. 2e, 4 and 8d). The NCNTs derived from
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Fig. 8. (a) Low magnification and (b) high magnification SEM images; (c) low magnification and (d) high magnification TEM images of the aligned NCNTs grown at 750 ◦C
with  1,2-ethylenediamine as nitrogen source; (e) the high resolution TEM and (f–g) the EFTEM images of NCNT, where the red color stands for carbon, and the cyanine color
stands for nitrogen. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Fig. 9. (a) XPS narrow spectra in N region; (b) Raman spectra; (c) TG and DTG curves for aligned NCNTs with 1,2-ethylenediamine as nitrogen source at 750 ◦C.
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Fig. 10. (a) Low magnification and (b) high magnification SEM images; (c) low magnification and (d) high magnification TEM images of the as-prepared aligned NCNTs with
pyridine as nitrogen source at 750 ◦C; (e) the high resolution TEM and (f–g) the EFTEM images of NCNT, where the red color stands for carbon, and the cyanine color stands
for  nitrogen. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Fig. 11. (a) XPS narrow spectra in N region; (b) Raman spectra; (c) TG and DTG curves for aligned NCNTs with pyridine as nitrogen source at 750 ◦C.
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yridine often present more complete graphene sheets in contrast
ith other nitrogen sources like NH3 [52,55], which may  be related
ith the relatively high C/N ratio of pyridine. In this research, the
/N ratios for NH3, 1,2-ethylenediamine, and pyridine were 3.3, 1,
nd 5, respectively. Higher concentration N may  severely affect the
recipitation of graphene sheet from catalyst particles and may  be
esponsible for the incomplete graphene sheet structure in the case
f NH3 and 1,2-ethylenediamine. The EFTEM images (Fig. 10e–g)
lso indicated a uniform distribution of C and N elements. In Fig. 11,
PS revealed that the N content in this sample was  2.45%, mainly
omposed of graphitic N (62.9%), chemisorbed N oxide (18.3%), and
yridinic N (19.2%). The NCNTs were with similar graphitization
egree, and a NCNT yield of 3.75 gNCNT/gcat h was achieved.

. Conclusions

Aligned NCNTs were efficiently synthesized in a fluidized bed
eactor with NH3, 1,2-ethylenediamine, or pyridine as the nitrogen
ource. The catalyst particles possessed stable fluidization behavior
t different growth temperatures during the whole growth process.
he aligned NCNTs grew between the catalyst layers and formed

 hybrid with alternate aligned CNTs and inorganic layers, which
revented the aligned NCNTs from damage caused by collisions.
he CNT bamboo-like structure and N-containing functionalization
howed both growth temperature and nitrogen source depen-
ence. The growth temperatures were in the range of 650–800 ◦C.
enerally, higher growth temperature led to a higher NCNT yield

up to 2.95 gNCNT/gcat h in 800 ◦C), larger NCNT diameter (about
0 nm), and higher graphitization degree. The change of nitrogen
ources also altered the composition of N-containing groups in the
NT products. With the easily scalable fluidization process and
he tunable NCNT structures, this work may  open a way for the
ndustrial production for such advanced functional material, and
romote their applications in electrochemistry, catalysis, energy
onversion and storage.
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