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a  b  s  t  r  a  c  t

Nitrogen  doped  multiwalled  carbon  nanotubes  (CNxNTs)  with  high  yield  and  purity have  been  success-
fully  prepared  from  n-propylamine  precursor  with  CoxMg1−xMoO4 catalyst.  The maximum  yield  of  the
CNxNTs  is  920%.  SnO2 and  CeO2 nanoparticles  are  decorated  on  the  surface  of  CNxNTs  without  any  acid
treatment  due  to  the  inherent  interface  activity.  The  TEM  images  reveal  that  SnO2 and  CeO2 nanoparti-
eywords:
itrogen doped
arbon nanotubes
omposite

cles  were  anchored  on the  surface  of  the  CNxNTs  uniformly,  and  the  XPS  results  indicate  that  the  doped
nitrogen  atoms  of CNxNTs  play  significant  roles  in  immobilizing  SnO2 and  CeO2 nanoparticles,  and  the
mechanism  of  the  composite  process  has  been  discussed.  The  electrooxidation  performance  of  the  com-
posites  for NO  at the modified  electrodes  was  investigated.  The  CNxNTs-based  composites  show  greater
activity  and  sensitivity  than  the  conventional  CNTs-based  composites  for  NO  electrooxidation,  which

ctrod
O electrooxidation render  them  excellent  ele

. Introduction

The unique structure and the excellent properties of carbon
anotubes (CNTs) have attracted tremendous attention of a large
umber of researchers. CNTs can be used as special nanoscale
emiconductor devices, hydrogen storage materials, electronic and
ensor materials, etc. [1–8]. Recently, the study of CNTs-based com-
osites is becoming a promising and challenging area of research
wing to their potential applications [9–15].

Doping nitrogen atoms during the growth process is another
romising approach to improve the electronic properties of CNTs.
itrogen atom has one more electron than carbon atom, so the
NxNTs may  show the performance of N-type semiconductor for
he extra electron acted as the current carrier [16]. To a large extent,
he electronic properties of CNxNTs are determined by the concen-
ration of doped nitrogen, and through regulating the preparation
ondition, the concentration of doped nitrogen of CNxNTs would be
ell-controlled. Wang and co-workers synthesized CNxNTs with a
itrogen-doping level as high as 20 atomic % (at. %) [17]. However,
he yield ratio is not ideal. Tao et al. obtained the CNxNTs with high
eight ratio but low nitrogen concentration of 0.6–3.2 at. % [18].

As the surface of CNTs is chemically inert, to fabricate CNTs-

ased composites, the CNTs are typically treated via harsh
rocesses for activation by refluxing in concentrated acids, which
estroys the � conjugation and reduces the conductance of the

∗ Corresponding author. Tel.: +86 451 86609141; fax: +86 451 86609141.
E-mail address: shikeying2008@yahoo.cn (K. Shi).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.06.051
e  materials  for NO  detection  and  other  potential  applications.
© 2011 Elsevier B.V. All rights reserved.

CNTs base [19]. The surface layer of CNxNTs will present nega-
tive electricity due to the extra electron of the nitrogen atom.
Employing CNxNTs without any pre-treatment to composite with
the functional materials directly is a promising method because
the CNxNTs can also be synthesized easily. Moreover, nitrogen
atoms in the framework of CNxNTs will form chemically active
points which are available for metal or metallic oxide nanoparticles
anchoring. Ghosh prepared ZnO/CNxNTs composites via a simple
wet-chemical method and studied their field emission performance
[19]. Yue and co-workers obtained Pt/CNxNTs composites which
presented obvious catalytic activity for methanol oxidation [20].

Recently, SnO2 has emerged as the NOx sensor material.
Espinosa and co-workers synthesized SnO2/MWCNTs composites
which present excellent sensitivity towards NOx when operated
at room temperature [21]. Topoglidis prepared the composites of
SnO2 and hemoglobin as electrode materials of NO electrochemical
sensor [22]. It is well known that CeO2 has been intensively studied
for its utilization as three-way catalyst in automotive catalytic con-
verter. The applications generally made use of the excellent redox
property and oxygen storage capacity of CeO2 [23]. Atribak studied
the catalytic activity towards the oxidation of NO to NO2 by using
ceria-zirconia mixed oxides [24]. Thus, preparing SnO2/CNxNTs and
CeO2/CNxNTs composites and investigating their NO electrooxida-
tion property are very meaningful.

In this paper, the experiments for synthesizing high yield

(yield = the mass of the products/the mass of the catalysts × 100%)
CNxNTs were carried out. The CNxNTs with highest yield
was  obtained by pyrolysis of CoxMg1−xMoO4 catalyst and n-
propylamine feedstock at 900 ◦C with NH3 flow rate of 300 mL/min.

dx.doi.org/10.1016/j.jallcom.2011.06.051
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:shikeying2008@yahoo.cn
dx.doi.org/10.1016/j.jallcom.2011.06.051
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Fig. 1. The yield ratio versus histogram of the various products. The inset shows
the TEM images of the sample of CoMo-300 (Catalyst: CoxMg1−xMoO4; feed-
R. Zhang et al. / Journal of Alloys a

his product has been employed to composite with SnO2 and CeO2
anoparticles via a simple wet-chemical method, and the morphol-
gy and the mechanism of the composite process are presented.
he application of SnO2/CNxNTs and CeO2/CNxNTs composites for
etecting NO in the KH2PO4–NaOH buffer solution (PBS) saturated
ith NO was investigated by cyclic voltammetry (CV) and electro-

hemical impedance spectroscopy (EIS).

. Experimental

.1. Material preparation

At first, two series of CNxNTs were synthesized via chemical vapor deposition
ethod using Fe/MgO and CoxMg1−xMoO4 as catalysts respectively. The Fe/MgO

atalyst was  obtained from 3.0 g Mg(NO3)2·6H2O, 1.2 g C6H8O7·H2O and 0.3 g
e(NO3)3·9H2O which dissolved in 10 mL  H2O, and then, the mixed solution stirred
or  6 h at 85 ◦C, dried and calcined for 2 h at 450 ◦C in air. The CoxMg1−xMoO4 catalyst
as synthesized by an extremely efficient method [18]. The series using Fe/MgO as

atalyst was  carried out utilizing pyridine (C5H5N), 1, 2-ethylenediamine (C2H8N2)
nd  n-propylamine (C3H9N) as C and N feedstock respectively at 900 ◦C with NH3

ow rate of 300 mL/min for 30 min. The samples were denoted as Fe-C5-300, Fe-
2-300, and Fe-C3-300, respectively. The other series by using CoxMg1−xMoO4 as
atalyst was carried out by using n-propylamine (C3H9N) as feedstock, and was  pre-
ared in tube furnace at 900 ◦C for 30 min  with NH3 flow rates of 150, 300, 450
nd  600 mL/min respectively. The samples were denoted as CoMo-150, CoMo-300,
oMo-450 and CoMo-600.

SnO2/CNxNTs composites were prepared from 30 mg  CNxNTs which dispersed
n  40 mL distilled water by ultrasonication. Then 0.7 mL  HCl and 1.0 g SnCl2·2H2O

ere added under vigorous stirring. The black suspension was further stirred for
 h at room temperature, then filtrated and washed with distilled water repeatedly,
nd  dried at 70 ◦C.

CeO2/CNxNTs composites were prepared from 100 mg  CNxNTs which dispersed
n  a 0.05 g/mL Ce(NO3)3 solution with ultrasonic radiation for 60 min  at room
emperature. Then, with vigorous stirring, 0.005 g/mL NaOH solution was added
ropwise into the solution until the pH value was 10, washed repeatedly and dried
t  60 ◦C.

SnO2/CNTs and CeO2/CNTs composites were prepared via the same method, and
he CNTs (multi-walled carbon nanotubes) were first refluxed in a 30% nitric acid
t  140 ◦C for 24 h. Employing the same method without compositing with CNTs and
NxNTs, SnO2 and CeO2 nanoparticles were also prepared.

.2.  Material characterization

The morphological characterization of the CNxNTs and the composites was
arried out using scanning electron microscopy (SEM, Hitachi S-4800) with an accel-
ration voltage of 5 kV and transmission electron microscopy (TEM, JEOL-2100) with
n  acceleration voltage of 200 kV. The elements were quantified by X-ray photoelec-
ron spectroscopy (XPS, VG ESCALAB 250). In addition, the configurations of nitrogen
tom were confirmed by XPS excited by an X-ray source of Mg K� (hm < 1253.6 eV)
n  an ultrahigh vacuum chamber with a base pressure of <2 × 10−8 Torr.

.3. Electrochemical experiments

The activity of NO electrooxidation on the modified glassy carbon (GC) elec-
rodes was  studied. The preparation of the modified electrodes and the process of
heir electrochemical experiment were the same as those of single-walled carbon
anotube modified electrode, reported in our previous paper [25]. The electrochem-

cal measurements were performed in a conventional three-electrode cell controlled
ith CHI660D electrochemical workstation (Beijing, China) and IM6e impedance
easurement unit (ZAHNER Elektrik, Germany) with a Pt sheet and a saturated
g/AgCl electrode as the counter and reference electrodes, respectively.

. Results and discussion

Fig. 1 shows the experimental results about the yield ratio of two
eries of Fe/MgO and CoxMg1−xMoO4 catalysts. Here, all the above
xperiments were carried out by maintaining a constant reaction
ime of 30 min. The results show that the sample with the high-
st yield ratio in the Fe/MgO series is the sample of Fe-C3-300, and
he yield ratio is about 460%, which reveals that C3H9N is easier
or growing CNxNTs than C5H5N and C2H8N2. Then, the high effi-

ient catalyst of CoxMg1−xMoO4 and the feedstock of C3H9N were
sed to synthesize CNxNTs with NH3 flow rate range from 150 to
00 mL/min. As shown in Fig. 1, the obtained sample of CoMo-300
as the highest yield ratio of 920%. The optimalizing condition of
stock: C3H9N; reaction temperature: 900 ◦C; flow rate: 300 mL/min; reaction time:
30 min).

NH3 flow rate for synthetizing high yield CNxNTs is 300 mL/min.
Henceforth the products of CoMo-300 were utilized for preparing
the composites of SnO2/CNxNTs and CeO2/CNxNTs without fur-
ther purification because of the CoMo-300 product’s low catalyst
content. The inset shows the TEM images of the CNxNTs of CoMo-
300. It is clearly seen that the diameters of bamboo-like CNxNTs
are 20–30 nm,  and the bamboo-like structure is the representa-
tive feature of CNxNTs which consists of uniform and well-ordered
compartments in contrast to the straight CNTs [26].

The morphology of the CNxNTs composites was observed via
SEM. Fig. 2(a and d) shows that the SnO2/CNxNTs and CeO2/CNxNTs
composites have one-dimensional nanostructures with uniform
diameter ranging from 20 to 30 nm.  The surface of the CNxNTs is not
smooth, and it is shown that plenty of SnO2 and CeO2 nanoparticles
were anchored on the surface of CNxNTs.

The TEM images of Fig. 2(b and e) show that the SnO2 and CeO2
nanoparticles anchored on the surface of CNxNTs successfully. The
insets are the particle diameter histograms of the SnO2 and CeO2
nanoparticles on the surface of CNxNTs obtained from the TEM
images. The diameters of SnO2 and CeO2 particles are at an average
size of 3.5 ± 1 nm and 5.5 ± 1.5 nm,  respectively. Fig. 2(c) shows the
clear (1 1 0) and (1 0 1) lattice fringes of SnO2 with the interplanar
spacing of 0.336 nm and 0.265 nm. Fig. 2(f) shows the clear (1 1 1)
and (2 0 0) lattice fringes of CeO2 with the interplanar spacing of
0.320 and 0.270 nm,  respectively. And it also reveals that CNxNTs
have the interlayer distance of 0.35 nm compared with pure CNTs
(0.34 nm). It is possibly due to the doped nitrogen atom deforming
the framework of CNxNTs.

Fig. 3(a) is the XPS spectrum of Sn 3d scan of SnO2/CNxNTs.
The dominant signals corresponding to Sn 3d5/2 and Sn 3d3/2 were
found at 486.4 eV and 494.8 eV as the Sn (IV) oxidation state which
agree with the report for SnO2 [27]. From the spectrum of Fig. 3(b),
it can be seen that the Ce 3d5/2 and Ce 3d3/2 peaks exist mainly
as the Ce (IV) oxidation state (882.8 eV and 900.9 eV), other peaks
are shoulder peaks. The results are consistent with the report [28]
and the HRTEM analysis in Fig. 2. In order to study the interac-
tion between the nitrogen atoms and the metallic oxide (SnO2
and CeO2) nanoparticles, the N 1s XPS spectra of CNxNTs and
SnO2/CNxNTs and CeO2/CNxNTs were investigated. Fig. 3(c) shows

that each XPS spectrum of N 1s scan is composed of four peaks,
which are around 398.7, 401.0, 404.3 and 407.0 eV, respectively.
P1 (398.7 eV) can be assigned to the pyridine-like N; P2 (401.0 eV)
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Table 1
The atomic concentration of various doped N types and total N (Ntotal) in CNxNTs,
SnO2/CNxNTs and CeO2/CNxNTs.

Samples Pyridine-like N
(at. %)a

Graphite-like N
(at. %)b

Other N
(at. %)c

Ntotal

(at. %)

CNxNTs 1.52 2.89 0.93 5.34
SnO2/CNxNTs 0.97 2.68 1.04 4.52
CeO2/CNxNTs 0.89 2.59 0.84 4.32

a A1 (%) × Ntotal (at. %).
b A2 (%) × Ntotal (at. %).
ig. 2. (a, d) SEM and (b, e) TEM images (the inset shows the particle diameter histogr
nd  CeO2/CNxNTs.

an be assigned to graphite-like N; the higher binding energy of P3
nd P4 (404–408 eV) can be assigned to molecular N2 and nitrogen
xides adsorbed on the surface of the CNxNTs [29,30].  It is known to
ll that just the pyridine-like N and the graphite-like N are embed-
ed in the skeleton of CNxNTs, and it is obviously shown that the
mount of graphite-like N is more than that of pyridine-like N in
he framework of CNxNTs (see Table 1).

The binding energy of P1 of SnO2/CNxNTs and CeO2/CNxNTs
omposites is around 398.3 eV, in comparison to the P1 of CNxNTs
398.7 eV), there is 0.4 eV shift of the P1 peak, and for the bind-
ng energy of P2, it also existes 0.3 or 0.1 eV shift. As it is known,
he electronegativity of nitrogen (2.8–3.4) is stronger than those of
in (1.8) and cerium (1.1–1.2), if tin or cerium atom interacts with

itrogen atom, the nitrogen atom may  strongly absorb the elec-
ron of tin or cerium atom so that the binding energy of N 1s will
educe. It corresponds to the spectra Fig. 3(c). This demonstrates
hat there exists strongly interaction between the metallic oxide

Fig. 3. XPS spectra of (a) Sn 3d scan of SnO2/CNxNTs, (b) Ce 3d scan of CeO2/
c (A3+A4) (%) × Ntotal (at. %). A1, A2, A3 and A4 are the area % of P1, P2, P3 and P4
peaks.
(SnO2 and CeO2) nanoparticles and the N atoms (pyridine-like N
and graphite-like N) of CNxNTs.

As shown in Table 1, the nitrogen atomic concentration of
SnO2/CNxNTs and CeO2/CNxNTs are both around 5.34 at. %. It is one

CNxNTs and (c) N 1s scan of CNxNTs, SnO2/CNxNTs and CeO2/CNxNTs.
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Fig. 4. Schematic diagr

esired ratio which demonstrates that more nitrogen atoms doped
nto the framework of the CNTs. The nitrogen atoms play the role
f activity point on the surface of CNxNTs. At this ratio, more SnO2
nd CeO2 could anchor on the surface of CNxNTs due to more activ-
ty point. And in this table, the composites of SnO2/CNxNTs and
eO2/CNxNTs have lower pyridine-like N content than the pris-
ine CNxNTs, this problem attributes to the aggregation of SnO2
nd CeO2 nanoparticles grown at the pyridine-like N, and the thick
acks covered the pyridine-like N.

According to the above analysis, the formation mechanism of
nO2/CNxNTs or CeO2/CNxNTs was put forward in Fig. 4. With-
ut acid treatment of the CNxNTs, metal ion (Sn2+ or Ce3+) could
asily adsorbed on the pyridine-like N and the graphite-like N
f the CNxNTs, since the electron densities of the pyridine-like N
nd the graphite-like N are higher than that of the C atoms in
NxNTs, the nitrogen atoms which have extra electron substituted

or carbon atoms in the framework of CNxNTs, thus, the extra elec-
rons of CNxNTs have similar role to the negative electricity group,
uch as –COOH, on the surface of CNTs after acid treatment. When
dding the CNxNTs into the aqueous solution of SnCl2 or Ce(NO3)3,
he Sn2+ or the Ce3+ ion carried positive electricity might move
nd adsorb to the negative electricity activity site of the nitrogen
toms.

The pyridine-like N corresponds to the N atoms occupying
he vacancy formed by removing a central C atom among three
exagons and replacing the three surrounding C atoms with three
 atoms [31,32]. And the pyridine-like N has two  extra nonbond-
ng electrons in its sp2-hybridized orbital, acting as a nonbonding
-orbital. Therefore, the three pyridine-like N atoms will form a
trongly negative electricity centre which offers higher stability to

ig. 5. (a) CV curves of the CNxNTs of CoMo-300 (without purification and after purifica
1–8)  modified electrodes in the PBS saturated with NO. The scan rate above was 0.01 V/s
the composite process.

form heterojunction between CNxNTs and metal oxide. In addition,
compared with the pyridine-like N, the graphite-like N corresponds
to the N atoms substituting for C atoms in the graphite layers with-
out forming a vacancy, the graphite-like N can also absorb metal
oxide. According to the XPS results, there are the peak shifts of
both the pyridine-like N and the graphite-like N structures of the
SnO2/CNxNTs and CeO2/CNxNTs composites, compared with the
pristine CNxNTs. It can be concluded that the metal ions can be
anchored at the sites of the pyridine-like N and the graphite-like N
of CNxNTs.

Fig. 5(a) shows the CV results of the CNxNTs of CoMo-300
(without purification and after purification by hydrochloric acid)
modified electrodes in the PBS solution saturated with NO. The two
curves show the extremely similar feature, and the obvious oxida-
tion peaks indicate that both of the CNxNTs without purification
and after purification have excellent electrooxidation for NO.  So the
CNxNTs of CoMo-300 with high yield were employed to composite
with SnO2 and CeO2 nanoparticles directly without removing the
catalyst residue because the catalyst impurities have little effect on
the electrochemistry performance.

Fig. 5(b) shows the CV results of SnO2/CNxNTs, CeO2/CNxNTs,
CNxNTs, SnO2/CNTs, CNTs, CeO2/CNTs, SnO2 and CeO2 modified
electrodes in the PBS saturated with NO. In general, the higher
the peak current density shows, the faster the reaction rate of
NO electrooxidation is. For the CeO2/CNxNTs and SnO2/CNxNTs
modified electrodes, the value of the peak current density is 17.65

and 11.81 mA/cm2, respectively, which is much higher than that
of other modified electrodes. The order of peak current density is:
CeO2/CNxNTs > SnO2/CNxNTs > CNxNTs > SnO2/CNTs > CNTs > CeO2/
CNTs > SnO2 > CeO2. The CeO2/CNxNTs and SnO2/CNxNTs compos-

tion) modified electrodes in the PBS saturated with NO. (b) CV curves of samples
.
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Fig. 6. Nyquist plots of samples (1–8) modified electrodes in PBS saturated NO
(potential: 0.70 V).

Table 2
The values of peak potential, current density and charge transfer resistance (Rct) for
NO  electrooxidation.

Modified electrode NO electrooxidation peak Rct (�)

Potential
(V)

Current density
(mA/cm2)

SnO2/CNxNTs 1.16 17.65 407
CeO2/CNxNTs 0.88 11.81 686
CNxNTs 0.92 6.55 2259
SnO2/CNTs 1.08 4.44 3690
CNTs 0.89 4.09 5012
CeO2/CNTs 0.98 3.46 6186

i
(
c
m
t
c
c
i
t
h

S
e
H
d
0
v
s
o
c
a
S
S
t
f
C
C
m
C

[

[
[
[

[
[
[

[

[

[

[

[

[

[
[

[
[
[
[

[

SnO2 1.25 2.12 9830
CeO2 0.92 1.77 12262

tes show much higher peak current density than CNxNTs and SnO2
or CeO2) nanoparticles. Comparing with other obtained CNTs
omposites, just the SnO2/CNTs composites show a little enhance-
ent to CNTs, the peak current density of CeO2/CNTs is even lower

han that of CNTs. The CV results indicate that CNxNTs-based
omposites show preferable performance for NO electrooxidation
ompared with conventional CNTs-based composites. This result
s attributed to the improved electrical conductivity of CNxNTs and
he strong interaction between CNxNT and SnO2 (or CeO2) which
as discussed above [33].

Fig. 6 shows the Nyquist plots of CeO2, SnO2, CeO2/CNTs, CNTs,
nO2/CNTs, CNxNTs, CeO2/CNxNTs and SnO2/CNxNTs modified
lectrodes in the PBS saturated with NO at the potential of 0.70 V.
ere, EIS was employed to investigate NO electrooxidation at
ifferent modified electrodes. The used AC voltage amplitude was
.01 V in the frequency range from 1 Hz to 100 kHz. The resistance
alues of charge transfer were calculated by Zview2 software. As
hown in Fig. 6 and Table 2, there are big capacitive semicircles
f CeO2 and SnO2 modified electrodes, and the capacitive semi-
ircles of the SnO2/CNxNTs and CeO2/CNxNTs modified electrodes
re small. The value of charge transfer resistance (Rct) of CeO2,
nO2, CeO2/CNTs, CNTs, SnO2/CNTs, CNxNTs, CeO2/CNxNTs and
nO2/CNxNTs modified electrodes are shown in Table 2. It is known
hat the lower Rct of the modified electrode corresponds to the
aster rate of charge transfer. The order of charge transfer rate is:

eO2/CNxNTs > SnO2/CNxNTs > CNxNTs > SnO2/CNTs > CNTs > CeO2/
NTs > SnO2 > CeO2, and the results are consistent with the CV
easurements. All of the above facts demonstrate that the

NxNTs-based composites have excellent performance for NO

[
[
[
[

mpounds 509 (2011) 8620– 8624

electrooxidation compared with the conventional CNTs-based
composites.

4. Conclusions

CNxNTs with high yield and desired nitrogen content have
been fabricated via a feasible method. Then, SnO2/CNxNTs and
CeO2/CNxNTs composites have been successfully prepared due to
the inherent surface activity of CNxNTs without any pre-treatment.
The CNxNTs-based composites as electrode materials show better
electrocatalytic activity for NO electrooxidation than the conven-
tional CNTs-based composites according to cyclic voltammetry
results, indicating their potential application in electrochemistry
sensor for NO. Apparently, this efficient strategy for preparing
CNxNTs-based composites could be further extended to mod-
ify other metal and metal oxide nanoparticles on the surface of
CNxNTs, such as Pt, Ni, TiO2 and NiO, with applications in catalysis,
sensors and batteries.
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