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a b s t r a c t

We have developed an environment-friendly low-temperature chemical precipitation approach for the
accurate coating of ZnO nanocrystals onto nitrogen-doped carbon nanotubes(N-CNTs) to form ZnO/N-
CNTs nanohybrids, which only use zinc acetate dehydrate, N-CNTs and NaOH as initiating materials
without employing any additional surfactant and react in ethanol at 60 1C for 2 h. Through this facile
process, the as-obtained nanohybrids preserve the good dispersity and uniformity of initial N-CNTs and
the loading amount of the ZnO nanocrystals can be conveniently varied or controlled by the
concentration of the zinc precursor. Furthermore, the products exhibit the enhanced visible-light
photocatalytic activity for the degradation of rhodamine B (RhB) and benzoic acid. It is believed that
this simple strategy can be extended to synthesize other metal-oxide/N-CNTs nanohybrids for different
applications.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The increasing environmental contamination from textile dyes
and other industrial dyestuffs is becoming an overwhelming
problem all over the world [1]. In recent years, great efforts have
been devoted to develop strategies to resolve these problems,
including chemical oxidation, ultrafiltration filtration, coagulation,
adsorption, flotation, and photocatalytic degradation [2]. In these
methods, photocatalysis has been proven to be a specially applic-
able and predominant method for decomposing the organic
compounds [3,4]. ZnO is one of the most promising photocatalysts
because of its desirable properties, such as high activity, chemical
stability, low-toxicity and low-cost [5,6]. However, the poor
utilization of solar energy and the short diffusion length of a
photogenerated electron–hole pair are the two major factors
limiting the further improvement of photocatalytic efficiency [7].

Up to now, many methods have been developed to prevent the
electron–hole recombination, such as combining ZnO with noble
metals, metal oxides, and carbon materials [8–10]. Nitrogen-doped
carbon nanotubes (N-CNTs) have attracted much interests owing
to the single pair of electrons of N atoms in the CNTs. It possesses
the enhanced conjugative effects and exhibits an unique electro-
chemical performance [11]. For example, Park et al. reported a
ZnO/N-CNTs nanocomposite whose charge transport layer could
obtain higher performance optoelectronics [12]. In this case,
ll rights reserved.

þ86 8228 2595.
N-CNTs show a work function closely matching the conduction
band (CB) of ZnO to form an ohmic contact for electron transport.

Herein, we demonstrate an environment-friendly low-tem-
perature chemical precipitation approach for the accurate coating
of ZnO nanocrystals on the surface of N-CNTs in ethanol at 60 1C
for 2 h. This is a very facile process, requiring only zinc acetate
dehydrate (Zn(AC)2 �2H2O), N-CNTs and NaOH as reagents, with-
out employing any additional surfactant, through which the
as-obtained nanohybrids preserve the good dispersity and uni-
formity of initial N-CNTs and the loading amount of the ZnO
nanocrystals can be conveniently varied or controlled by the
concentration of the zinc precursor. By forming the ZnO/N-CNTs
nanohybrids, one might be able to take advantage of both
components. As expected, the as-obtained products show
enhanced photocatalytic activity for the degradation of rhodamine
B (RhB) and benzoic acid under visible-light illumination.
2. Experimental

Synthesis of N-CNTs: All the reagents were of analytical grade,
purchased from the Shanghai Chemical Reagent Factory, and used
as received without further purification. N-CNTs were synthesized
by a modified chemical vapor deposition (CVD) method [13].
Briefly, 5 mmol of ferrocene Fe(C5H5)2 as catalyst and 10 mL of
N,N′-dimethylformamide (DMF) as the nitrogen and carbon
sources were mixed with the assistance of sonication for 30 min.
Afterwards, 5 mL of the mixture was transferred into a quartz boat
and then placed in the central part of a horizontal quartz tube in a
tubular furnace. The quartz boat was heated up to 800 1C at a

www.elsevier.com/locate/matlet
www.elsevier.com/locate/matlet
http://dx.doi.org/10.1016/j.matlet.2013.03.041
http://dx.doi.org/10.1016/j.matlet.2013.03.041
http://dx.doi.org/10.1016/j.matlet.2013.03.041
mailto:yonghu@zjnu.edu.cn
http://dx.doi.org/10.1016/j.matlet.2013.03.041


C. Yu et al. / Materials Letters 100 (2013) 278–281 279
raising rate of 10 1C min−1 under the N2 atmosphere for 3 h. After
calcinations, the black precipitates were collected and washed
with ethanol, dilute HCl aqueous solution, and deionized water in
sequence. Finally, the obtained samples were dried in vacuum at
60 1C for 6 h.

Synthesis of ZnO/N-CNTs nanohybrids: For a typical synthesis,
20 mg of as-obtained N-CNTs was added into a round-bottom flask
and dissolved in 20 mL of ethanol with the assistance of ultra-
sonication for 30 min. Successively, a certain amount of Zn
(AC)2 �2H2O was added into the above mixture under vigorous
stirring for 30 min. Then, 0.015 g of NaOH was dissolve in 5 mL of
ethanol and was added dropwise in the above mixture under
vigorous stirring at 60 1C for 2 h. Subsequently, the final products
were washed with ethanol for several times and dried in vacuum
at 60 1C for 6 h. The as-prepared nanohybrids with different
amount of zinc salt (0.0030, 0.0061, 0.0091 and 0.0122 M) were
assigned the sample codes as Sa, Sb, Sc and Sd, respectively.
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Fig. 1. XRD patterns of the as-prepared ZnO/N-CNTs nanohybrids obtained with
different concentrations of Zn2þ .

Fig. 2. Typical SEM images of the as-prepared (a) pure N-CNTs and ZnO/N-CNTs nanohyb
(c) 0.0091 M, (d) 0.0122 M.
Characterization: Powder X-ray diffraction (XRD) measure-
ments of the samples were performed with a Philips PW3040/60
X-ray diffractometer using CuKα radiation at a scanning rate of
0.061s−1. Scanning electron microscopy (SEM) was performed
with a Hitachi S-4800 scanning electron microanalyzer. Transmis-
sion electron microscopy (TEM) and high-resolution TEM (HRTEM)
were conducted using a JEM-2100 F field emission TEM.
The absorption spectra were measured using a PerkinElmer
Lambda 900 UV–vis spectrophotometer at room temperature.

Photocatalytic activity: Photocatalytic activities of the samples
were evaluated by the degradation of RhB and benzoic acid under
visible-light irradiation of a 500 W Xe lamp with a 420 nm cut-off
filter. The reaction cell was placed in a sealed black box with the
top opened, and the cut-off filter was placed to provide visible-
light irradiation. In a typical process, 20 mg of samples were added
into 100 mL of RhB solution and benzoic acid (concentration:
5 mg/L), respectively. After being dispersed in an ultrasonic bath
for 5 min, the solution was stirred for 2 h in the dark to reach
adsorption equilibrium between the catalyst and the solution.
Then, the suspension was exposed to visible-light irradiation.
Finally, the solution was collected by centrifugation at given time
intervals to measure the RhB and benzoic acid degradation
concentration by using UV–vis spectroscopy.
3. Results and discussion

Fig. 1 shows the XRD patterns of the as-prepared ZnO/N-CNTs
nanohybrids obtained with the different concentration of zinc salt.
From the XRD pattern, the peak at 2θ value of 26.01 is associated
with the (0 0 2) diffractions of the hexagonal graphite structures,
similar to pristine CNTs [14]. The diffraction peaks marked by
triangle correspond to the wurtzite phase of ZnO (JCPDS standard
card no.79-2205) [15]. With the increase of the zinc salt concentra-
tion, the diffraction intensity of the ZnO crystal plane becomes
strong gradually, indicating that the ZnO nanocrystals grow larger
rids obtained with different concentrations of zinc salt: (a) 0.0030 M, (b) 0.0061 M,



Fig. 3. Typical TEM (a) and HRTEM (b) images of the as-obtained ZnO/N-CNTs nanohybrid (Sample Sb).
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Fig. 4. The photocatalytic activities of RhB (a) using commercial ZnO nanoparticles and different ZnO/N-CNTs nanohybrids, (b) using sample Sd and the as-prepared
ZnO/CNTs hybrid, (c) the photocatalytic activity of benzoic acid in the presence of pure ZnO and sample Sd.
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and larger. In addition, as the concentration of zinc salt increases,
the average size of ZnO nanocrystals calculated using the Debye-
Scherrer equation based on the full width at half-maximum of the
diffraction peaks, are 4.2, 5.4, 7.3 and 9.5 nm, respectively.

The typical SEM images of the as-prepared ZnO/N-CNTs nano-
hybrids obtained with different concentrations of zinc precursor are
shown in Fig. 2. From Fig. 2a-d, with the increase of the concentra-
tion of Zn2þ , the surface of the N-CNTs becomes rougher and
rougher, implying an increasing of ZnO/N-CNTs nanohybrids and
this result is consistent with the XRD result. The geometrical
structure of the as-obtained ZnO/N-CNTs nanohybrids is further
elucidated by the TEM results, as shown in Fig. 3. Fig. 3a reveals that
the carbon nanotubes are not continuously hollow but compart-
mentalized like a bamboo-shaped structure, indicating the incor-
poration of nitrogen atoms into the graphitic structure [16]. Fig. 3b
further reveals that the surface of the N-CNTs is uniformly coated
with a layer of ZnO nanocrystals. From the HRTEM image (inset in
Fig. 3b), the lattice spacing of 0.25 nm corresponds to the inter-
planar distance between adjacent (101) planes of the wurtzite ZnO.
The intimate contact between N-CNTs and ZnO favors the formation
of heterostructure, which will benefit the charge separation and
thus enhance the photocatalytic activity.

The photocatalytic activities of the as-prepared samples are eval-
uated by the degradation of the organic dyes RhB and benzoic acid
under visible-light irradiation, as shown in Fig. 4. Fig. 4 a presents the
photodegradation behaviors of RhB using the as-prepared ZnO/N-CNTs
nanohybrids obtained with different concentrations of zinc precursor,
where C is the concentration of dyes after different light irradiation
times and C0 is the initial concentration of dyes before dark adsorption.
For comparison, commercial ZnO nanoparticles are used as a bench-
mark photocatalyst. The order of the photocatalytic activity of the
samples can be summarized as follows: ZnOoSaoSboScoSd.
Additionally, ZnO/CNTs hybrids are also used as a photocatalytic
reference to quantitatively understand the photocatalytic activity of
the ZnO/N-CNTs nanohybrid. From Fig. 4b, it can be seen that the ZnO/
N-CNTs nanohybrids possess higher photocatalytic activity than that of
ZnO/CNTs hybrids, which may be ascribed to the structural advantages
of N-CNTs. Fig. 4c displays the photodegradation behavior of benzoic
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acid in the presence of commercial ZnO nanoparticles and sample Sd.
It can be seen that benzoic acid can be degraded in the presence of
ZnO/N-CNTs nanohybrids, and there is almost no obvious change in
the presence of pure ZnO. Furthermore, the UV–vis absorption of the
sample Sd is shown in Fig. S1, which further validates the ZnO/N-CNTs
nanohybrids as photocatalysts can be excited by visible-light. The
enhanced photocatalytic performance of the ZnO/N-CNTs nanohybrids
may be described as follows. The N-CNTs are sensitized under visible-
light illumination, which can absorb the irradiation and the photo-
generated electrons can be excited from the valence band (VB) to CB of
the N-CNTs in the hybrids. The relative position of the CB of the
N-CNTs allows the transfer of electrons from N-CNTs to ZnO, which
leads to the formation of superoxide radical by adsorbed molecular
oxygen. Simultaneously, electron back-transfer to N-CNT with the
formation of a positive charged hole in the VB of ZnO semicondutor,
which can then react with adsorbed water to form a hydroxyl radical
(Scheme S1) [17,18]. As regards to N-CNTs, compared to carbon,
nitrogen has an extra electron, and from an electronic point of view
it is natural to expect an excess of donors in the N-rich areas of the
CNTs upon doping. Moreover, a high degree of defects were intro-
duced by N-doping, which could be taken for a larger capacity
container of electron [19]. These structural advantages also lead to
the enhanced photocatalytic performance.
4. Conclusions

In summary, we have developed a facile and novel low-
temperature chemical precipitation strategy to synthesize ZnO/
N-CNTs nanohybrids in non-aqueous media. This method only
requires zinc precursor and N-CNTs as starting materials which
react with NaOH in ethanol at 60 1C for 2 h. Using this method, the
as-obtained nanohybrids exhibit good dispersity and uniformity of
initial N-CNTs and the loading amount of the ZnO nanocrystals can
be conveniently varied or controlled by the concentration of the
zinc salt. Furthermore, the products show a significantly higher
photocatalytic activity for the degradation of RhB and benzoic acid
than commercial ZnO nanoparticles under visible-light irradiation.
We believe that this facile solution-phase strategy is scalable and
its application can be extended to synthesize other metal-oxide/N-
CNTs nanohybrids for different applications.
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