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The advent of nanoscience and nanotechnology is widely
regarded as coming to fruition at the result of two key
papers. The first in 1985 reported an intriguing artefact
of stabilisation of carbon clusters from high temperature
plumes [1], though fullerene molecules have since been
discovered created by shockwave in a 1.28 billion-year-old
impact site [2]. The second in 1991 reported detailed images
of what was later termed carbon nanotubes [3], although a
comprehensive search of past papers [4] uncovered reports
of carbon nanotubes in 1976 and 1952 [5, 6] and a further
discovery that a seventeenth century Damascus steel sword
contained carbon nanotubes [7]. Whilst it is important to
properly ascertain the history of nanoscience, the papers of
Kroto et al. and Iijima are no less deserving of their estimable
renown.

It should be without any doubt that nanoscience and
nanotechnology has had a significant global impact in
redefining existing and developing novel research avenues
over the last two decades. Where bottom-up assembly
meets conventional top-down refinements, nanomaterials
proffer the necessary bridge between atomistic processes and
useable macroscale devices. Focus has largely been towards
preparative methods with specific interest in controlling the
fundamental properties and architecture, where the inextri-
cable link between size & geometry and properties of one-
dimensional (1D) nanomaterials, for example, nanotubes,
nanowires, nanorods, reveals a wide variety of promising
applications. It is hoped this will in turn unlock the potential
of such nanomaterials in devices. In this special issue on

1-dimensional nanomaterials, we have invited a number of
authors to address such matters and thus provide an up-to-
date consideration of the field.

The first paper, by Sivakumar et al. [8], appraises the
synthesis of carbon nanotubes via chemical vapour depo-
sition (CVD) techniques. They explore the different types
of CVD growth available, the influence of catalytic particles
and reaction conditions. The second paper, by Hu et al. [9],
report the use of “green” chemistry in the non-toxic and non-
hazardous large scale CVD synthesis of carbon nanotubes
with uniform diameters. This facile approach should prove
useful for industrial scale-up in an increasingly environ-
mentally conscious market. The third paper, by Liu et al.
[10], examines carbon nanotube-metal oxides composites,
where the formed MgO nanorods are determined to facilitate
the growth of the encapsulating carbon nanotube. This is
an important avenue of exploration where control over the
length, diameter and geometry of carbon nanomaterials is
important.

Template growth of nanomaterials has proven a useful
methodology for controlling the architecture and in turn
the properties of nanomaterials [11]. The fourth paper, by
Dai et al. [12], explores such a route in the formation of

coaxial CdSe-SiOx nanocomposites with the potential of
controlling the final electronic properties. The fifth paper,
by Suzuki et al. [13], presents a removable template growth
of silica and titania in a one-pot approach that promises to
be useful for the generation of nanosize systems. Temporary
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templates have also been demonstrated to prove useful
for nucleation of nanomaterials where Gan et al. [14], in
the sixth paper, explored the biomimetic assembly of ZnO
on top of gelatin, which then spontaneously formed into
3-dimensional nanostructures.

A number of other approaches have been investigated for
the formation of inorganic nanostructures [15]. The seventh
paper, by Ding et al. [16], investigates the co-precipitation
of indium tin oxide nanoparticles. Thermal evaporation
heightens the stochastic energetics of chemical fragments,
which has the greatest potential of diversifying nanoscale
architecture on cooling. The eighth paper, by Peng et al. [17]
and ninth paper, by Ban et al. [18], uses thermal evaporation
techniques leading to the generation of elegant hierarchical
ZnO and MoO3 nanostructures respectively.

Both high temperature and high pressure treatment on
existing nanomaterials can alter their crystal phase, which
is potentially useful for a range of purposes from hetero-
geneous catalysis to piezoelectronics [19]. The tenth paper,
by Ou et al. [20], addresses high temperature crystal phase
alterations for titanate and its resulting enhancement of
its photocatalytic degradation of chlorinated hydrocarbons.
The eleventh paper, by Gao et al. [21], looks at the density
functional treatment of ZnO nanowires at high pressures,
converting from wurtzite to a rocksalt structure. The phase
transformation should prove useful in exploring electronic,
piezoelectric and photoconducting applications. Bao et al.
[22] in the twelfth paper investigate the high tempera-
ture chemical transformation of orthorhombic GaOOH
nanorods into wurtzite GaN nanorods, a useful compound
for optical devices operating at blue and ultraviolet wave-
lengths and in high-temperature electronic devices.

At the other end of the scale, the development of
red-emitting phosphors and field emission display devices
shows great promise from the synthesis of Eu-doped Gd2O3

nanowires. Liu et al. [23], in the thirteenth paper, explore
the use of solvothermal techniques for the formation of
these doped nanomaterials, which (along with hydrothermal
techniques) represents a facile approach that could be used
to synthesize other rare earth oxide materials. This is
demonstrated in the fourteenth paper, by Han et al. [24],
in the formation of Mn-doped ZnSe nanowires and also
by Yu et al. [25], in the fifteenth paper, where a review
of phosphate nanowires doped with rare earth elements
are considered. These composites exhibit great promise in
the development of biological probes, photonic crystals and
optical communication devices.

The final paper, by Yang et al. [26], looks at the
fundamental correlation of magnetism with the size of Co
nanowires, revealing that the magnetic property can be
adjusted through changing the diameter of the nanowire.
This is an important discovery for the fabrication of high-
density magnetic recording devices.

The breadth of advancement of nanomaterials and their
incorporation into useable products has been both extensive
and intensive since their inception [27]. Whilst this special
issue could not cover every aspect, it endeavours to provide
exciting insight into a number of key avenues.
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One of the remarkable achievements in the field of nanotechnology is Carbon Nanotubes (CNT) synthesis. Since their discovery
in 1991 by Iijima, CNTs have attracted much attention across the world. The CNTs are broadly classified into single-walled carbon
nanotubes (SWNTs) and multiwalled carbon nanotubes (MWNTs). The most distinguished features of SWNTs and MWNTs are
their electrical, mechanical, chemical, and electronic properties which in turn find their potential applications in almost all fields
of science, engineering, and technology. Based on the previous research studies to till date, chemical vapour deposition (CVD) is
considered to be the simplest method with high energy efficiency and precise control of reaction parameters compared to other
different methods for synthesizing CNTs. Since production of CNTs is becoming the most important factor in the applications
point of view, most industries today are opting for the CVD technique. This paper reviewed the synthesis of CNT by CVD especially
focusing on methane CVD. Various parameters influencing the reaction and CNT growth were also discussed. A detailed review
was made over the different types of CVD process, influence of metal, supports, metal-support interaction, effect of promoters,
and reaction parameters role in CNTs growth.

1. Introduction

Carbon nanotubes (CNTs) are sheets of graphite rolled
into tubes and possess excellent properties due to their
symmetric structure [1]. They are broadly classified into
single-walled carbon nanotubes (SWNTs) and multiwalled
carbon nanotubes (MWNTs). Among them SWNTs are the
key materials to the emerging field of nanotechnology [2].
CNTs have reached the forefront of many industrial research
projects nowadays. Due to their high strength, stiffness, and
electrical conductivity [3], CNTs are designated as one of
the most attractive materials for reinforcing the material
in composites [4, 5] and for nanoelectronics applications.
Theoretical and experimental elastic modulus (1TPa) and
tensile strength of these materials are in the range of tens
of GPa, respectively [6]. In general, CNTs can be produced

by carbon arc discharge method (CA) [7], chemical vapour
deposition method (CVD) [8], pulsed laser vaporization
technique (PLV) [9], and high-pressure carbon monoxide
conversion (HiPco) process [10]. In CA and PLV methods,
although high quality materials can be produced, the high
temperature employed for evaporating the carbon atoms
from solid carbon sources (over 3000 K) make them difficult
to scale up the process in a cost-effective way. Hence, chem-
ical vapour decomposition (CVD) has gained importance
owing to its easiest and economic way of production in a
larger scale [11]. CVD method is believed as the most suitable
synthesis method in terms of product quality and quantity
[12]. A review by Baddour and Briens, 2005, concluded
that catalytic technique such as CVD is simple, inexpensive,
energy-efficient and can produce high purity CNTs in high
yield (>75%) [13]. As the applications for CNTs range from
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nanoelectronics [14, 15], sensors [16, 17], and field emitters
[18] to composites [19], reliable growth techniques capable
of yielding high-purity material in desirable quantities are
critical to realize CNT potential. This need is satisfied by
CVD and the CNT growth factors. Since, there is a huge
demand for CNTs production and application in the global
market, it is necessary to maximize the yield and minimize
the production cost. Hence, methane, which is found to be
the most cheaply available resource from natural gas with
high thermal stability and low Gibbs free energy, is suitable to
be used. In addition, the current focus on SWNTs synthesis
and its requirement of low carbon content source are fulfilled
by methane. These properties and advantages paved way for
the recent research on CVD focused towards using methane
as hydrocarbon source.

2. Chemical Vapour Deposition

Catalytic chemical vapour decomposition (CCVD) was first
introduced by José-Yacamán et al. in 1993 to produce
CNTs [20]. A simple representation of the chemical vapour
deposition process is shown in Figure 1. CVD synthesis is
achieved by putting carbon source in gas phase into a reactor
and using an energy source, such as plasma or a resistively
heated coil, to decompose the gaseous carbon molecule. In
CCVD method, CNTs are produced by decomposition of
carbon-containing molecules with the presence of catalytic
materials. Commonly used carbon sources include methane,
ethylene, hexane, ethanol, naphthalene, anthracene, carbon
monoxide, carbon dioxide, acetylene, and benzene. Thermal
or electrical energy source is used to crack the molecule into
reactive atomic carbon. Then, the carbon diffuses into the
supported metal, usually transition metal in Group VIII of
the periodic table such as Ni, Fe, or Co. CNTs will be formed
if the proper process conditions like reaction temperature,
pressure, flow rate and concentration of hydrocarbon source,
carrier gas, and so forth, are maintained. The appropriate
metal catalyst among the transition group can grow SWNTs,
DWNTs (double-walled carbon nanotubes), and MWNTs
are shown in Figures 2(a), 2(b), and 2(c), respectively.
Excellent alignment, size, diameter, growth rate as well as
positional control on nanometer scale for the synthesized
CNTs can be achieved by using CVD method.

2.1. Modified CVD Process. Nowadays the CVD process is
under research with minor changes in their energy source to
initiate the CNT growth. The process had been categorized
according to their nature and source of energy (as shown
in Figure 3). For examples, microwave [24, 25], inductively
coupled plasma CVD [26], low pressure [27], hot filament
(HF) [28, 29], alcohol catalytic [30], and so forth were
reported.

Varadan and Xie [24], Fidalgo et al. [25] synthesized
MWNTs by microwave CVD. The microwave system consists
of a microwave magnetron with adjustable power supply
ranging from 0 to 3000 W at a frequency of 2.45 GHz.
No vacuum was maintained and reaction was operated
at 1 atmosphere pressure. Straight and helical CNTs were

Hydrocarbon
source

Inert gas

Gas mixer Thermocouple

Pressure gauge

Plasma/thermal-energy supply Reactor

Catalyst

Exit gas trap
and analysis

Figure 1: Schematic diagram of a CVD process for CNT synthesis.

obtained by decomposing acetylene in microwave energy
field over the cobalt catalyst supported on Y-zeolite, alumina,
and SiC at 700◦C. High resolution transmission electron
microscope (HRTEM) analysis results confirmed the pres-
ence of MWNTs. It was also reported that CNTs obtained
using alumina support was found to have more impurities
than zeolite. The main advantage of microwave CVD system
is rapid heating and cooling process with a chance to produce
helical CNTs with diameter range 80–100 nm.

Ikuno et al. [27] produced CNTs by low-pressure thermal
chemical deposition (LPTCD) using pure ethylene. CNT
bridges were grown on Ta electrodes at 800◦C in vacuum. By
nitriding the surface of the Ta electrode/SiO2/Si substrates, Fe
nanoparticles with a moderate size were effectively formed,
resulting in bridging CNTs between the electrodes. It was
found that under a low pressure of 100 Pa, straight CNTs are
preferentially bridged between the Fe nanoparticles.

Yen et al. [26] synthesized well-aligned CNTs using a high
inductively coupled plasma chemical vapor deposition (ICP-
CVD) system. A gas mixture of CH4–H2 was used as the
carbon source and Ni as the catalyst for the CNTs growth.
The effect of process parameters, such as inductive RF power,
DC bias voltage and ratio, on the growth characteristics of
CNTs was investigated. It was found that generation and
transport of ions to the substrate are the two underlying
factors in determining the growth of CNTs.

Kadlečı́ková et al. [28] studied the effect of electric field
upon the aligned growth of CNTs and had successfully
produced bundles of CNTs by hot filament CVD method.
The author stated that the key role in the formation of CNTs
depends on the energy of ion bombardment and plasma dis-
charge applied during the growth of CNTs after temperature
and pressure were set in the deposition chamber.

Although various types of plasma enhanced CVD with
specialized power supplies such as microwave, hot filament
[28], radio-frequency, and direct-current (DC) exist and
recognized as the most promising technique in growing
CNTs at a relatively low temperature, this technique has a
drawback of difficulty in scaling up the plasma technology
to grow CNTs on a large scale and high voltages used lead to
the sputtering of the electrode, causing both contamination
of the plasma and damage to the CNT structure.
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Figure 2: Transmission electron microscopy images (a) single-walled carbon nanotubes [21]; (b) double-walled carbon nanotubes [22];
(c) multiwalled carbon nanotubes [23].

Unalan and Chhowalla [30] investigated SWNT growth
parameters using alcohol catalytic chemical vapour deposi-
tion (ACCVD). Alcohol vapours like ethanol or methanol
were used as the carbon sources and a mixture of Fe–Co
acetate was used as catalytic material with MgO as its sup-
port. Dip-coating method was utilized for loading catalyst
particles on the substrate. SWNTs with narrow diameter
distribution without the presence of amorphous carbon were
obtained at temperatures above 750◦C, whereas defective
MWNTs were observed at a lower temperature. It was
reported that use of methanol as carbon source, with catalyst
dissolved in deionised water (DI) rather than alcohol lead to
growing more uniform SWNTs on the substrate surface.

In addition, a type of CCVD using fluidized bed reaction
was also used for producing CNTs [30, 31]. Though the
above techniques were tried with advancement in tech-
nologies, it still faces several drawbacks in scaling up the
process. Moreover, the CCVD process is still found to be
better for commercial synthesis of CNTs in proper controlled
conditions [32, 33].

In the last decade, different techniques such as plasma
enhanced CVD, thermal CVD, alcohol-catalytic (ACCVD)
[34], vapour phase growth, and laser assisted CVD [35, 36]
for the CNTs synthesis have been developed. Colomer et
al. [37] confirmed that CCVD is easier, cheaper, and an
adaptable approach for large-scale production CNTs at low
temperature and ambient pressure via decomposing the
hydrocarbon gas. Kong et al. [38] has already proved that
CVD of methane can be a successful route for the growth
of SWNTs.

2.2. Methane CVD. The following review has been made
to highlight the current importance towards methane CVD
in CNT synthesis using metal supported catalyst. High-
temperature decomposition of hydrocarbons leads to the
formation of deposited carbon. Morphology of the carbon
deposits over the catalyst/support during CVD process was
closely related to the thermodynamic properties and nature
of the hydrocarbon source. Gaseous hydrocarbons such as
acetylene [39–41], methane [42, 43], and ethylene [27]
have been widely used for producing CNT deposits. Besides
gaseous hydrocarbons, some liquid hydrocarbons such as
hexane, benzene [44], toluene [45], xylene [46], and so forth,

have also been effectively used for the growth of SWNTs and
MWNTs in floating CVD methods.

Li et al. [47] studied the effect of various hydrocarbons
like methane, hexane, cyclohexane, benzene, naphthalene,
and anthracene over Fe catalyst impregnated on MgO sup-
port. The author reported that there was a strong dependence
of nature of hydrocarbon precursors on the formation of dif-
ferent structure of CNTs. It was also reported that methane
would be most preferable for the growth of high-purity
SWNTs rather than any other gaseous hydrocarbons, as it was
comparatively chemically stable at high temperature and has
the simplest structure [48]. However, the achievement for the
methane CVD growth of SWNTs would largely depend on
the features of catalyst as well.

de Almeida et al. [49] studied the methane decompo-
sition using porous-nickel alumina spheres as catalyst. It
was observed that during catalytic decomposition reaction,
methane is initially absorbed and decomposed on the metal
surface of the catalyst particle, resulting in the formation
of chemisorbed carbon species and the release of gaseous
hydrogen. The carbon species was found to proceed further
to dissolve in and diffuse through the bulk of the metal par-
ticle. Some of the aromatic hydrocarbons like benzene could
be decomposed at a lower temperature when compared with
methane [50]. But it was experimentally proven that benzene
decomposition temperature should be kept at 800◦C to favor
the SWNTs formation, whereas in the case of methane, it
could be achieved at a lower temperature of 650◦C with
lower Gibbs free energy (ΔG = −27.2 KJ) [51]. SWNTs
could not be obtained with hexane and cyclohexane though
their reaction due to Gibbs free energies are much lower
than that of benzene and methane. It was further revealed
that the formation and morphology of carbon deposits
were not simply determined by the pyrolytic behaviors of
hydrocarbons.

Muradov [52] made a significant study of methane
decomposition reaction (pressure: atmospheric, tempera-
ture: 850◦C, methane flow rate: 5.0 ± 0.2 mL/min; sample
amount: 0.3± 0.001 g) over 30 different samples of elemental
carbon, including a variety of activated carbons (ACs),
carbon blacks (CBs), nanostructured carbons (including
CNTs and fullerenes), graphite, glassy carbon, and synthe-
sized diamond powders. Catalytic activity of these carbons
samples in methane decomposition was determined by their
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Figure 3: Classification of CVD processes according to their energy source.

origin, structure, and surface area. ACs were found to
provide the highest initial activity of methane decomposition
with 90 vol% of H2 formed for 10 s residence time with
carbon sample bed. On the contrary, this highest methane
decomposition rate with CO/CO2-free hydrogen in a single
step could not be obtained for experiments conducted with
silica (surface area: 600 m2/gm) and that of Ni- and Fe-based
catalysts measured at identical conditions.

In 2007, Chuang et al. [53] developed sea urchin-like
CNTs by catalytic decomposition of methane over catalyst-
seeded mesoporous carbon and the catalysts were prepared
by dip-coating method. The area density of CNTs/carbon
nanowires (CNWs) was found to be higher at 900◦C than
that at 800◦C. Most recently, Chuang et al. [53] and Fidalgo et
al. [25] investigated the growth of nanofilaments on activated
carbon and carbon fibre materials by microwave-assisted
methane decomposition and they found that for pure
methane flow at 800◦C for 130 minutes, only amorphous
carbon was formed over the activated carbon and carbon
fibres.

It can be concluded that the nature of hydrocarbons
plays a crucial role in CVD process for CNT formation,
as well in economic aspects. It should be noted that the
formation of SWNTs or MWNTs does not merely depend
on carbon precursors, but also has strong correlations
with other growth conditions. Since methane being a rich
source from natural gas, several studies of CCVD using
methane as the hydrocarbon source are under progress for
investigating the other growth influencing conditions like
nature of metal catalysts, support, metal-support interaction,
their characteristics, temperature, pressure, gas flow rate,
concentration, reaction time, and so forth.

3. CNT Growth Parameters

Li et al. [23] studied that SWNTs or MWNTs formation
does not alone depend on the nature of hydrocarbon
source. There are also other important parameters playing
more crucial role in the growth of different morphology of
CNT. Based on distinguished CNT structure and chirality,
their properties and end use applications are found to be
significant. The main parameters for CNT growth are (i)

properties, composition, and preparation method of metal
catalyst, (ii) addition of promoter elements, (iii) metal-
support interactions, (iv) reaction conditions like reaction
temperature, pressure, inert/methane gas ratio, and gas flow
rate.

3.1. Catalyst. Metals used to catalyze CNT formation are
most often transition metals, in particular iron (Fe), cobalt
(Co), and nickel (Ni), due to the solubility of carbon
in these metals is finite [54]. It is noteworthy to find a
large number of literatures reporting about CNT growth
using different metals and their alloys [55]. The main
reason of using transition metals is that they have nonfilled
“d” shells and for that reason it is able to interact with
hydrocarbons and show catalytic activity. In CVD process,
transition metal particles act as a seed of nanotubes so
that they strongly influence the structure and quality of the
nanotubes. Though the transition metals can decompose
hydrocarbons, they need a support for the growth of
nanotubes. Materials like silica [56, 57], alumina [58, 59],
zeolite [44], and recently MgO [60–62] were used as supports
for active metals in developing different forms of carbon
nanostructures like SWNT, DWNT, MWNT, and nanofibres.
Different catalyst preparation techniques like impregnation
[63–69], coprecipitation [70], sol-gel technique [71–73],
thin film deposition using electron beam evaporation,
and photolithography [74] for patterned catalyst on the
support were studied. Among the above mentioned tech-
niques, wet impregnation is the easiest way and mostly
adopted by many of the researchers for preparing the
catalyst.

Ichi-oka et al. [68] made a comparative study for the
amount of carbon deposited via CVD of methane using nine
different metals (Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, and Pt)
catalyst impregnated over MgO. It was reported that there
was an increase in carbon content in the order of transition
metal series: first < second < third row transition elements
and the index of crystallinity (IG/ID) for CNTs in Raman
bands decreased in the order: 8 > 9 >10 group elements in
the periodic table.

Qian et al. [75] reported that higher conversion of
methane into good morphology of CNTs was achieved over
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Fe and Mo catalyst. It was also reported that the metal
particles with relatively small diameter distribution, high
activity and thermal stability at high temperatures would
meet the requirements of thermodynamics of methane
conversion. Combined process of catalyst reduction and
hydrocarbon decomposition were found to result with
higher yield of CNT. Qian et al. [75] studied Co catalyst
impregnated over Al2O3 support and reported 3-4 times
of higher yield for combined process rather than separated
methane decomposition in fluidized bed reactor.

He et al. [76] studied on the morphology of vertically
aligned CNTs by using Fe on silicon substrates by CVD
process. It was reported that decrease in the thickness
of catalyst film reduced the diameter and increased the
length of CNTs. He et al. [42] studied methane CVD over
Ni/Al composite prepared by homogenous deposition and
precipitation. The authors reported that MWNTs of 10–
20 nm diameter range were formed from 20% wt Ni catalyst
and carbon onions (5 to 50 nm) from 80% wt Ni catalyst. It
was further found that the Ni/Al catalyst with 80 wt% Ni is
less beneficial for CNT growth due to its increasing particle
size which in turn leads to very low carbon solubility and
resulted with carbon onions growth.

Zhu et al. [21] found that methane CVD over Co/MgO
catalyst with the addition of Mo remarkably increased the
yield of SWNTs by 10% at least with suppressed amorphous
carbon formation. It was reported that too many metallic
Co particles with respect to Mo and support would form
aggregated larger particles during preparation resulting with
MWNTs.

Proper control of the catalyst particle size and metal
concentration is critical for a high production rate of CNT.
Yu et al. [77] studied the effect of Fe catalyst on silica particle
size by CO disproportion method and revealed that particle
sizes of 13–15 nm are optimum for maximum CNT growth
rate. Therefore, small particle sizes do not always lead to a
high growth rate. Li et al. [47] studied methane CVD for Co
catalyst impregnated over MgO support. Co concentrations
of 2.5–5 wt% were found to be efficient for growing DWNTs
with diameters of 2–4 nm. It was reported that the growth
was significantly influenced by catalyst concentration and
type of supports. The important factors for a good catalyst
are the control of the loading of the active metal and
maintaining a good metal dispersion on the catalyst support
[78].

Muradov [52] found that activated carbon (AC) catalyst
played a significant role in methane conversion with initial
H2 concentration reaching up to 90 vol%. Also, it was
stated that similar methane decomposition could not be
achieved with silica gel (surface area: 600 m2/gm) and
that of Ni- & Fe-based catalysts measured at the identical
conditions. The mechanism of methane decomposition
over different forms of carbon as catalyst and their activ-
ity were yet to be explored in CCVD process for CNTs
growth.

3.2. Metal-Support Interaction. Catalyst supports are also
reported to have great determination on the activity of

a catalyst and the morphology of the produced CNTs.
Metal-support interaction (MSI) is a very important factor
in nanotube formation which is dependent on the nature
of catalyst/support particle size, their surface area and the
catalyst pretreatment process like calcination, reduction,
and so forth. It has been found that CNT can be formed
either with (i) tip-growth or (ii) base-growth model. Strong
metal-support interaction of catalyst resulted CNTs to grow
followed the base growth model, whereas tip-growth model
is applied to CNTs grown by catalyst with weak MSI.

According to Vander Wal et al. [79] the formation of CNT
structures is controlled by the effect of MSI. Though different
sizes and shapes (helical, coiled, straight, and Y-shaped)
of CNTs were produced so far, the growth mechanism of
nanotubes is still a vague phenomenon for the researchers.

Several MSI studies for methane CVD have been carried
out both in fluidized bed and fixed bed reactor system
[80]. Catalytic performance of supported-NiO catalysts over
methane decomposition at 550◦C and 700◦C by Chai et al.
[81] shows that there is a decrease in activity of catalyst
in the order of NiO/SiO2 > NiO/HZSM-5 > NiO/CeO2 >
NiO/Al2O3. From their XRD results, the dispersion of NiO
particles on Al2O3 is found to be better compared to other
support types. Also the formation of MWNTs at 550◦C and
SWNTs at 700◦C is an indication of methane decomposition
as well as the catalyst deactivation rate with respect to the
increase in temperature. Similar studies on silica, zeolite,
and alumina-supported Co catalysts for MWNT by acetylene
decomposition show that percentage carbon deposition
and diameter of CNT formed are based on the type and
nature of support material [82]. The size of the pores
on porous substrates determines the SWNTs or MWNTs
formation. Substrate roughness studies by Ward et al. [11]
also emphasize on the future research on substrate-catalyst
interaction mechanism towards CNTs growth.

de Almeida et al. [49] quoted that methane decomposi-
tion at low temperatures (400–500◦C) can be achieved using
binary metal (Fe-M where M = Pd, Mo, or Ni) catalysts
supported on alumina. Also, Muradov [52] studied methane
decomposition over elemental carbon and reported that
carbon materials are capable of producing H2 rich gases
at moderate temperatures. The author stated that catalytic
activity of carbon was determined by their origin and surface
properties. At higher temperature, such as at 830◦C, NiAl2O4

phase is formed due to the strong metal-support interaction.
Methane decomposition conversion values were found to
increase with increasing reaction temperature. Hence, it
can be concluded that the lower calcination temperature
gave the catalyst with weak MSI but increased the methane
conversion. In the case of higher calcination temperatures, Ni
was incorporated strongly with alumina and thus methane
conversion was low.

Ward et al. [11] studied CNT synthesis on various
substrates (alumina, silica carbide, silicon, quartz, sapphire,
MgO, porous silicon, aerogel, fused silica, etc.) and its effect
with Al-Fe-Mo by multilayer thin films deposition (electron
beam evaporation). They found that Fe thin films spun on
alumina to be the best for growing SWNTs and all other
supports would give the formation of MWNTs primarily.
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Authors reported that the property of the substrates/supports
like amount of crystallinity, pore size, and surface roughness
had a major effect in the growth of either SWNTs or
MWNTs

Chai et al. [83] studied the effect of CuO, FeO, and NiO
added onto CoO/Al2O3 for methane decomposition. It was
found that addition of these metal oxides shortened the cata-
lyst lifetime and decreased the methane conversion. Catalyst
lifetime and carbon capacity were found to increase with
MoO-CoO/Al2O3. The carbon capacity over the supported
CoO catalyst was found to decrease in the order of silica >
zeolite > alumina > ceria > titania > magnesia > calcium
oxide and the best catalytic carbon capacity was observed
over CoO/SiO2.

According to various researches, it was found that
catalyst with weak MSI is efficient in methane decomposition
whereas, for a catalyst with strong MSI, the metal particles
are not easily detached from the support. Moreover, strong
interaction increased the surface carbon accumulation over
catalyst and enhanced the catalyst deactivation in methane
decomposition.

3.3. Promoters. Some of the metals like molybdenum, boron
[84], and sulphur [85] have been used as promoters for
catalyst towards the decomposition of hydrocarbon gas into
Y-shaped and helical CNTs. Molybdenum was found to be
an effective dispersive agent for the catalyst when it is present
at the optimum composition in the catalysts as reported by
Yu et al. [62]. Ago et al. [86] found that the catalytic activity
increases in the following order Fe-Mo > Fe > Co > Ni. The
addition of molybdenum to iron catalyst increases the initial
methane conversion and prevents the rapid deactivation of
the catalyst.

Li et al. [47] studied the effect of Mo on MgO support.
The formation of magnesium molybdate (MgMoO4) phase
was found to play a main role in MWNT synthesis. They
suggested that ratio of Mo/Mg should be <1 for the growth
of MWNT bundles. It was found that an appropriate amount
of water vapour on the catalytic nanotube growth increases
the CNT yield by 35%. Zhu et al. [21] showed that addition

of molybdenum (Mo/Co = 1/5) in an optimum level to
Co/MgO catalysts (prepared by mechanical mixing and
combustion synthesis with citric acid) yielded 10 time’s
higher generation of SWNTs and less amorphous carbon. Liu
et al. [48] studied the CCVD of methane over Fe-Mo/Al2O3

catalyst. They reported that the yield of 70% SWNTs and
30% DWNTs are related to the weight of Fe-Mo metal in
Fe-Mo/Al2O3. Similarly, Kang et al. [87] synthesized SWNTs
and DWNTs over Fe-Mo/MgO catalyst and reported that
proportion of DWNTs increased with an increase in reaction
temperature. Moreover, Mo was known to be a catalytic
centre for promoting the aromatization of methane. Zhang et
al. [78] synthesized DWNTs by methane CVD on Fe/Al/MgO
catalyst. The author found that introduction of Al species
into Fe/MgO would reduce the size of MgO crystallites,
providing a better dispersion of the metal particles on the
support.

Sulfur was introduced as an additive in methane CVD
process for the production of CNTs over Co-Mo/MgO
catalyst prepared with sol-gel method [85]. It was found
that the use of sulfur compounds during the sol-gel catalyst
preparation process led to a significant change in the
matrix composition and matrix-catalyst interaction. In this
case, enhanced growth of Helical (HCNTs) was reported.
Similarly, Y-shaped CNTs (YCNTs) growth was favored when
sulfur in the form of thiophene vapours was used over the
sol-gel prepared Co-Mo/MgO catalyst.

Phosphorous was reported in the literature by Ci et al.
[88] for promoting effect in the formation of carbon fila-
ments. Addition of phosphorous from a solution of H3PO4

in ethanol to the substrate, and followed by impregnation
with Fe3(CO)12 was found to be effective in promoting the
growth of vapour grown carbon fibres (VGCFs) [89]. Also, it
was found that an increase in the amount of Phosphorous/Fe
ratio >0.25 had an inhibiting effect on the VGCFs. He et al.
[59] synthesized binary and triple CNTs over Ni/Cu/Al2O3

in the ratio 2 : 1 : 1 (prepared by sol-gel method) using −20
mesh to +40 mesh particles size for methane CVD at 550◦C
and the findings show that copper element provoked the
formation of CNT.
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4. Reaction Parameters

The impact of reaction parameters like reaction temperature,
reaction time, concentration of H2, and flow rate ratio
(CH4 : H2) plays a major role in deciding the types of
CNTs formation, and its yield. Recently, studies on effect
of aforementioned reaction parameters in CNT formation
using methane CVD in presence of Ni-Mo/MgO were
reported by Zhan et al. [90]. Morphological structure of
CNTs was also found to depend much on the reaction
temperatures [91], reaction time [92], and CH4 to H2 gas
ratio [93] in methane CVD.

Yu et al. [62] studied the influence of reaction atmo-
sphere on Fe/MgO and Fe-Mo/MgO catalyst in argon and
nitrogen by methane CVD. It was reported that there was an
increase in diameter of SWNTs, MWNTs, and CNFs formed
as the reaction was enriched in nitrogen atmosphere. On the
other hand, pure SWNTs were obtained with Ar atmosphere.
Ni et al. [61] studied the kinetics of CNT synthesis by
methane CVD over Mo/Co/MgO and Co/MgO catalyst. It
was found, the rate of CNT synthesis is proportional to
the methane pressure, indicating that the dissociation of
methane is the rate-determining step for a catalyst.

Zhao et al. [94, 95] claimed that reaction time would
influence the morphology and diameter of CNTs. Carbon
onions and two kinds of herringbone CNFs were obtained
with 5 wt% Ni coprecipitated aluminium matrix. The cat-
alysts used were calcined at 240◦C and 400◦C for 2 hours.
Decomposition reaction was conducted in horizontal quartz
boat at 550◦C/600◦C for 1 hour and 2 hours by varying
the ratio of CH4 : N2 from 1 : 4 to 1 : 5.5. The findings
confirmed that carrier gas (N2) plays an important role
in CNT synthesis. The authors reported that cone-shaped
catalyst was formed at 550◦C and cylinder shape catalyst
at 600◦C. Influence of temperature over the shape and size
of the catalyst was reported and thus the morphology of
herringbone CNFs. Hence, by extending the growth time
from 1 to 2 hours, carbon onions were formed.

Noda et al. [96] quoted various studies on methane
decomposition over different catalyst and supports for the
formation of SWNTs and MWNTs at different reaction
temperatures. Effect of 1% and 5% of Ni loaded on SiO2

in the temperature range of 625–800◦C were studied in a
fixed bed quartz tube reactor. Catalyst with 1% Ni favored
SWNT formation at all reaction temperatures whereas 5%
Ni formed MWNTs at low temperature and SWNT at high
temperature. Also, it was found that the amount of CNT
decreased at high temperature for both concentrations due
to sintering process.

de Almeida et al. [49] studied CH4 deposition by
preheating Ni/Al2O3 samples at 350,550 and 700◦C under air
flow for 1 hour and reaction at atmospheric pressure with
molar ratio of N2 : CH4 = 6 : 1 at 600◦C, 700◦C, and 800◦C.
He reported that higher calcination temperature lowers the
residual amorphous carbon present within the pores of
crystalline catalyst sample, resulting in mesopore formation
and increasing surface area and pore volume.

Qian et al. [31] investigated the combination of catalyst
reduction and methane decomposition over Ni and Co

in fluidized bed reactor. Co/Mo/Al2O3 of ratio 1/4/50 wt
ratio and Ni/Cu/Al2O3 of 15/3/2 wt were prepared by
coprecipitation and decomposed in the range of 550◦C–
850◦C with methane to argon ratio of 1 : 1. Higher methane
conversion and 3-4 times better yield of CNTs were reported
for this combination. He states that when the metal catalysts
are reduced, they provide energy for the endothermic
methane decomposition and make methane decomposition
equilibrium shift to the direction of hydrogen & carbon and
CNTs production.

Bustero et al. [97] studied the effect of temperature, mass
of catalyst, initial feed gas composition, and reaction time
on the yield of CNT. Optimal operating conditions for the
synthesis of CNTs by CVD as reported by the authors are the
reaction time: 10 min; temperature: 1000◦C; catalyst Mass:
0.5 g; ratio of H2/CH4 is 1 : 1. A mathematical expression was
established between the processing condition and the yield of
carbon deposits. The derived expression also confirms that it
is difficult to determine the optimal reaction conditions for
the CNT synthesis by CVD.

Ni et al. [61] studied the effect of pressure and tempera-
ture on CNT synthesis by methane CVD over Mo/Co/MgO
and Co/MgO catalyst. An increase in carbon yield was
observed for an increase in methane pressure from 7.5 Torr
to 78.0 Torr. Even at high methane pressures, no significant
deactivation of the Mo/Co/MgO catalysts was noted. It was
found that the rate of methane disassociation was reduced
due to the addition of Mo into Co/MgO catalysts.

In 2007, Chuang et al. [53] conducted catalytic methane
CVD over metal catalyst supported over mesoporous carbon
(prepared by dip-coating method) at different temperatures
(800◦C and 900◦C). It was concluded that at 900◦C, CNTs
and carbon nanowires (CNWs) could be obtained in high
density rather than at 800oC. Recently, Fidalgo et al. [25]
studied the influence of different CH4/N2 ratio with respect
to nanofilaments formation. Methane CVD was conducted
over Fe and Ni catalyst impregnated over activated carbon
and carbon fibres at 800◦C for 130 minutes. The growth
of nanofilaments was found to be more abundant using
CH4 : N2 ratio of 1 : 3 rather than 1 : 1. It is concluded that the
presence of N2 in methane CVD could influence the carbon
yield. The factors of CNT growth have been summarized in
the Figure 4.

It was found that methane CVD processes had been
influenced by the process and CNT growth parame-
ters like methane/carrier gas ratio, reduction atmosphere,
methane/inert gas volumetric flow rate, reaction tempera-
ture, time of reaction and operating pressure, and so forth,
Hence all the above-mentioned parameters would be crucial
in deciding the nature, properties, yield, and quality of CNTs.

5. Conclusions

The current focus on the CCVD of methane for CNTs
synthesis was reviewed. Methane being a highly available
hydrocarbon source with high thermal stability and thermo-
dynamic properties as discussed, still needs to be studied
with the other influencing parameters on CNT growth.
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The carbon-based supports like AC is found to be a good
material in decomposing methane at low temperatures. As
mentioned by various researchers, each step starting from the
metal catalyst preparation to removal of impurities from the
synthesized CNTs would reflect in its product type, quality,
yield, and ultimately its market demand for their potential
applications. In the economic aspects, the value of CNT
material, which at present greater than the value of gold, can
be made available in bulk by proper control and optimization
of the reaction parameters. Growth mechanism, which is
still a vague phenomenon for many researchers, needs
further investigations. Method of purification, a deciding
factor for the purity of CNTs, needs to be identified to
selectively separate the material based on its shape and
size. At present, several research studies on CVD reaction
using fixed/fluidized bed with horizontal/vertical reactors
and CNTs growth parameters are being conducted only in
lab scale. Hence, it is of the opinion to further explore
the potential of using methane as hydrocarbon source with
carbon-based supports for metal catalyst will be an opt route
to the bulk and low-cost production of CNTs to meet the
future global demand.

Acknowledgments

The authors gratefully acknowledge the financial support
provided by the Ministry of Science, Technology and
Innovations (MOSTI) under E-Science Fund (Project A/c
no: 6013327) and the Universiti Sains Malaysia (USM)
for funding this project under the Research University
(RU) Grant Scheme (Project A/c No: 814004) and Student
Fellowship.

References

[1] E. B. Barros, A. Jorio, G. G. Samsonidze, et al., “Review on
the symmetry-related properties of carbon nanotubes,” Physics
Reports, vol. 431, no. 6, pp. 261–302, 2006.

[2] S. B. Sinnott and R. Andrews, “Carbon nanotubes: synthesis,
properties, and applications,” Critical Reviews in Solid State
and Materials Sciences, vol. 26, no. 3, pp. 145–249, 2001.

[3] Z. L. Wang, P. Poncharal, and W. A. de Heer, “Measuring
physical and mechanical properties of individual carbon
nanotubes by in situ TEM,” Journal of Physics and Chemistry
of Solids, vol. 61, no. 7, pp. 1025–1030, 2000.

[4] P. M. Ajayan, L. S. Schadler, C. Giannaris, and A.
Rubio, “Single-walled carbon nanotube-polymer composites:
strength and weakness,” Advanced Materials, vol. 12, no. 10,
pp. 750–753, 2000.

[5] K. T. Lau, M. Lu, and D. Hui, “Coiled carbon nanotubes: syn-
thesis and their potential applications in advanced composite
structures,” Composites Part B, vol. 37, no. 6, pp. 437–448,
2006.

[6] Z. L. Wang, R. P. Gao, P. Poncharal, W. A. de Heer, Z. R.
Dai, and Z. W. Pan, “Mechanical and electrostatic properties
of carbon nanotubes and nanowires,” Materials Science and
Engineering C, vol. 16, no. 1-2, pp. 3–10, 2001.

[7] S. Iijima, “Helical microtubules of graphitic carbon,” Nature,
vol. 354, no. 6348, pp. 56–58, 1991.

[8] M. Endo, K. Takeuchi, S. Igarashi, K. Kobori, M. Shiraishi,
and H. W. Kroto, “The production and structure of pyrolytic
carbon nanotubes (PCNTs),” Journal of Physics and Chemistry
of Solids, vol. 54, no. 12, pp. 1841–1848, 1993.

[9] T. Guo, P. Nikolaev, A. Thess, D. T. Colbert, and R. E.
Smalley, “Catalytic growth of single-walled manotubes by laser
vaporization,” Chemical Physics Letters, vol. 243, no. 1-2, pp.
49–54, 1995.

[10] P. Nikolaev, M. J. Bronikowski, R. K. Bradley, et al., “Gas-
phase catalytic growth of single-walled carbon nanotubes
from carbon monoxide,” Chemical Physics Letters, vol. 313, no.
1-2, pp. 91–97, 1999.

[11] J. W. Ward, B. Q. Wei, and P. M. Ajayan, “Substrate effects on
the growth of carbon nanotubes by thermal decomposition of
methane,” Chemical Physics Letters, vol. 376, no. 5-6, pp. 717–
725, 2003.

[12] B. Zheng, Y. Li, and J. Liu, “CVD synthesis and purification
of single-walled carbon nanotubes on aerogel-supported
catalyst,” Applied Physics A, vol. 74, no. 3, pp. 345–348, 2002.

[13] C. E. Baddour and C. Briens, “Carbon nanotube synthesis: a
review,” International Journal of Chemical Reactor Engineering,
vol. 3, 2005.

[14] P. Avouris, T. Hertel, R. Martel, T. Schmidt, H. R. Shea,
and R. E. Walkup, “Carbon nanotubes: nanomechanics,
manipulation, and electronic devices,” Applied Surface Science,
vol. 141, no. 3-4, pp. 201–209, 1999.

[15] K. Tsukagoshi, N. Yoneya, S. Uryu, et al., “Carbon nanotube
devices for nanoelectronics,” Physica B, vol. 323, no. 1–4, pp.
107–114, 2002.

[16] G. A. Rivas, M. D. Rubianes, M. C. Rodrı́guez, et al., “Carbon
nanotubes for electrochemical biosensing,” Talanta, vol. 74,
no. 3, pp. 291–307, 2007.

[17] Y. Yun, Z. Dong, V. Shanov, et al., “Nanotube electrodes and
biosensors,” Nano Today, vol. 2, no. 6, pp. 30–37, 2007.

[18] R. Martel, T. Schmidt, H. R. Shea, T. Hertel, and P. Avouris,
“Single- and multi-wall carbon nanotube field-effect transis-
tors,” Applied Physics Letters, vol. 73, no. 17, pp. 2447–2449,
1998.

[19] J. N. Coleman, U. Khan, W. J. Blau, and Y. K. Gun’ko, “Small
but strong: a review of the mechanical properties of carbon
nanotube-polymer composites,” Carbon, vol. 44, no. 9, pp.
1624–1652, 2006.
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An easy method to prepare carbon nanotubes (CNTs) has been demonstrated using a two-step refluxing and calcination process.
First, a readily available inorganic salt, Ni(NO3)2 · 6H2O, used as the catalyst precursor was dissolved in the high-boiling-point
organic solvents (alcohols or polyhydric alcohol) by refluxing at 190◦C for 3 hours. After refluxing, NiO nanoparticles obtained in
the solution act as the catalyst, and the organic refluxing solvents are used as the carbon source for the growth of CNTs. Second,
CNTs are prepared by calcining the refluxed solution at 800◦C in an N2 atmosphere for 3 hours. Results show that CNT growth
possibly originates from carbon rings, with the nanotube walls growing perpendicular to these rings and forming a closed tube at
the end.

1. Introduction

Since their emergence, carbon nanotubes (CNTs) [1] have
demonstrated their versatility in a variety of applications
such as supportedcatalysts for hydrogenation reactions [2],
fuel cells [3], field emission devices [4], and nanoelectronic
devices [5], due to their unique mechanical, chemical, and
electrochemical properties [6, 7]. Consequently, demand for
the consumption of CNT materials is huge, making desirable
their fast, efficient, high yield and cost effective fabrication.

Previously, a number of techniques have been developed
for fabricating CNTs, including electric arc-discharge [8],
laser ablation [9], chemical vapor deposition (CVD) [10,
11], pyrolysis [12], plasma enhanced CVD (PECVD) [13],
laser assisted CVD (LACVD) [14], two-stage fluid bed
reactor [15], aerosol method [16], solvothermal method
[17, 18], and high pressure CO disproportionation process
(HiPCO) [19]. Recently, Tang et al. reported a novel catalytic
combustion method of synthesizing CNTs in situ in high
yield from polypropylene as a carbon source in the presence
of organic-modified clay and a supported Ni catalyst [20].
Most of the methods originate from the idea of obtaining
adequate active atomic carbon species or clusters from

carbon sources and assembling them into CNTs on catalysts.
Although great efforts have been made in the development of
synthesis methods, their numerous steps and the adoption of
expensive or nonrenewable materials still make the methods
complicated. Thus we look for a simple, low-cost, and
effective method for the synthesis of CNTs.

Herein, we report a simple and low-cost strategy of
CNT synthesis that adopts a refluxing process with readily
available inorganic salts Ni(NO3)2·6H2O as the catalyst
precursor, and high-boiling-point (BP) di(ethylene glycol)
(DEG), glycerol and ethylene glycol (EG), as solvents and
carbon source. After refluxing, NiO nanoparticles obtained
in the solution act as the catalyst for the growth of CNTs. The
final CNT products are successfully prepared by calcining the
refluxed solution at 800◦C in an N2 atmosphere for 3 hours.
The whole process is kept simple and easy to control because
there are not too many parameters required for monitoring.

2. Experimental

2.1. Synthesis of NiO Nanoparticles and CNTs. Chemical
reagents purchased from Sigma-Aldrich were used in the
experiments with no further purification. For a typical
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Figure 1: FE-SEM images of CNTs prepared by calcining DEG solution: (a) low magnification and (b) high magnification; FE-SEM images
of CNTs prepared by calcining (c) glycerol solution and (d) EG solution.
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Figure 2: TEM images of CNTs prepared by calcining (a) DEG solution; (b) glycerol solution; (c) EG solution.

synthesis procedure, 0.0025 mol (0.73 g) of the metal salt
Ni(NO3)2·6H2O was introduced and dissolved in 50 mL of
DEG, glycerol, and EG solvent, in three round bottom flasks.
The solutions were heated in an oil bath to form a clear
solution under reflux with vigorous stirring. When the reflux
temperature was increased to 190◦C, the clear solution then
turned turbid. The reaction was maintained with stirring
for aging for at least 3 hours at this fixed temperature.

The flasks were then cooled down to room temperature
after the heat source was removed. Subsequently, the three
refluxed solutions were injected into quartz crucibles with
lid. The final CNT products were obtained by calcination
at 800◦C in an N2 atmosphere for 3 hours with a heating
rate of 1◦C min−1. After calcination, the black precipitates
were collected and washed with absolute ethanol, dilute HCl
aqueous solution, and deionized water in sequence. Finally,
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Figure 3: HRTEM images of CNTs: (a) nanotubes prepared by calcining DEG solution; (b) the closed bottom of a nanotube; (c) a section
of nanotube wall; (d) the EDS pattern of a carbon ring; (e) the open tip of a carbon ring at low magnification and (f) at high magnification.
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Figure 4: TEM image of CNTs prepared by calcination at 700◦C.

the obtained samples were dried in vacuum at 60◦C for 6
hours.

2.2. Characterization. Morphological and structural exami-
nations of the as-prepared products were performed using
field-emission scanning electron microscopy (FE-SEM, JEOL
JSM-6340F); transmission electron microscopy (TEM) and
high resolution TEM (HRTEM) were conducted at 200 keV
with a JEM-2100F field emission machine, after dispersing
the sample in ethanol and depositing several drops of the
suspension on holey-carbon films supported by copper grids.

Energy-dispersive X-ray spectroscopy (EDS) was performed
on a JEM-2100F TEM. The Raman spectrum was recorded
at ambient temperature on a Witec Alpha 300 Raman spec-
trometer with an argon-ion laser at an excitation wavelength
of 488 nm.

3. Results and Discussion

The FE-SEM images of CNTs synthesized by calcining DEG
solution are shown in Figure 1(a) (lowmagnification) and
Figure 1(b) (highmagnification). Figures 1(c) and 1(d) show
the images of the products prepared by calcining glycerol and
EG solution. These images demonstrate that the approach
presented in this paper offers a large-scale production yield
for CNTs. These CNT samples present a uniform tube
diameter (∼15 nm) and a tube length ranging from hundreds
of nanometers to several microns.

The TEM images (Figure 2) reveal that the CNTs syn-
thesized by this method are multiwall CNTs (MWCNTs)
with strong graphitic structure. Figures 2(a), 2(b), and 2(c)
show the characteristics of the MWCNTs with open tips as
produced in all solutions. The nanotube sizes observed in
these images are in good agreement with those observed
using FE-SEM. A further investigation on the tubular
structure of the HRTEM image shown in Figure 3(a) clearly
reveals an open tip and a closed bottom, which validates that
the growth of the nanotubes originated from carbon rings
resulting in the formation of closed bottoms. Figures 3(b)
and 3(c) show the closed bottom of nanotube and a section of
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Figure 5: Schematic of CNT growth: (a) the formation of the original multi-layer carbon rings; (b) the growth of multi-layer nanotube walls
grow perpendicular to the carbon rings; (c) the formed nanotube with an open tip and a closed bottom.
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Figure 6: Raman spectrum of CNTs.

nanotube wall, which are clearly graphitized. The interlayer
spacing in the multiwalls is about 0.34 nm, corresponding to
the lattice parameter of graphite carbon in the (002) plane
[1]. EDS performed on a ring tip (Figure 3(d)) indicates that
the tip only contains carbon; no other element was found.
Figures 3(e) and 3(f) show the open tip of a carbon ring at
low magnification and at high magnification.

In the refluxing process, NiO nanoparticles used as
catalyst could be obtained via the pyrolysis of common metal
salts (Ni(NO3)2·6H2O) in a high BP organic solvent which
acts as a carbon source in the next step. In the calcination
process, nucleations of multilayer carbon rings were being
formed under the catalyst effect of the NiO nanoparticles,
and nanotubes were assembled along the ring axial growth.
Meanwhile, because they were observed products at 700◦C
(Figure 4), we believe that the great amount of ring-like
products further favored the growth of nanotubes from the
multi-layer carbon rings. In addition, for MWCNTs, it is

quite likely that the presence of the outer wall stabilizes the
inner wall, keeping it open for continuous growth [21]. A
possible CNT growth mechanism was depicted in detail in
Figure 5.

The representative Raman spectrum (Figure 6) of the
product calcined in refluxing DEG solution at 800◦C shows
the typical features of MWCNTs [1]. The spectrum exhibits
two peaks at 1318 and 1570 cm−1, indicating the graphite
structure of the nanotubes. According to the analysis of
Kasuya et al. [22], the complex structure as characterized
by the 1540–1600 cm−1 region can be understood by zone-
folding of the graphite phonon dispersion relation. The IR
spectrum demonstrates the peak frequencies of the graphite
(G) mode at 1570 cm−1 and contains disorder modes at
1318 cm−1 (D).

4. Conclusions

We have successfully synthesized CNTs of uniform diameter
on a large scale through a novel refluxing and calcination
solution process, in which reflux solvents were used as
the carbon source and NiO nanoparticles obtained after
refluxing were used as the catalyst. The products prepared
in this approach were no toxic and corrosive reagents. This
approach allows adoption of other metal salts and high BP
organic solvents for further exploration. Due to merits such
as its simplicity, low cost, high purity, good controllability,
and high yield, we believe that this method can be exploited
at the scale of industrial production.
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Multiwalled carbon nanotubes filled with MgO nanorods were synthesized through the reaction of ethanol and Mg powder in
the presence of TiO2 at 400◦C. X-ray powder diffraction indicated that the sample was composed of graphite and cubic MgO.
Transmission electron microscopy studies showed that multi-walled CNTs with the outer diameters of 70–130 nm were filled with
discontinuous MgO nanorods whose diameter was in the range of 25–40 nm. The ratios of the band intensities (ID/IG = 0.67)
in Raman spectrum implied that carbon nanotubes had good crystallinity. The influence of correlative reaction factors on the
morphology of the sample and the possible formation mechanism were discussed.

1. Introduction

Filling foreign materials into the hollow cavities of carbon
nanotubes (CNTs) has been of widespread interest due
to their special properties [1–3]. And they have broader
application compared to pure CNTs or second phases, such
as Fe2O3-filled CNTs as a negative electrode for an Fe-air
battery [4] and spherical Ni(OH)2/CNTs as the electrode
in asymmetric supercapacitor [5]. SnO2/multi-walled CNT
has a high reversible discharge capacity compared to pure
nano-SnO2 [6]. MnO2/CNT hybrid coaxial nanotubes have
also enhanced reversible capacity more than pure MnO2

nanotubes [7].
MgO has gained extensive application in catalyst [8, 9],

refractory materials [10] and optically transparent ceramic
windows [11, 12]. Recently the studies indicate that MgO
can make ammoniated electrons stable [13] and has weak
ferromagnetism [14]. Maybe the MgO/CNTs have potential
applications in electrode. And carbon-coated MgO nanopar-
ticles had been prepared by various methods. Motiei et al.
[15] had prepared hollow carbon cubes and carbon-coated
MgO cubes through the reaction between Mg and Mo(CO)6

at 900◦C. Bedilo et al. [16] had synthesized carbon-
coated MgO nanoparticles by the decomposition of dry

magnesium methoxide or resorcinol modified magnesium
methoxide. Luo et al. [17] had synthesized MgO/C core-
shell nanospheres with the diameters of 300–500 nm at
600◦C by reducing ethyl ether with metallic magnesium.
Zhou et al. [18] had fabricated carbon-coated MgO by the
coprecipitation magnesium nitrate with sucrose. However,
there are few reports about the synthesis of CNT-coated MgO
nanostructures.

In this study, we report the preparation and characteriza-
tion of MgO-filled multi-walled CNTs which were obtained
by the reaction of ethanol and Mg powder in the presence
of TiO2 at 400◦C. Transmission electron microscopy (TEM)
showed that multi-walled CNTs filled with discontinuous
MgO nanorods are open at the both ends, whose outer diam-
eters were between 70 and 130 nm. A possible mechanism
for MgO nanorods encapsulated in multi-walled CNTs is
discussed in this study and the research of electrochemical
properties of MgO/CNTs is still underway.

2. Experimental Section

All reagents used in this work were analysis-grade reagents
from the Shanghai Chemical Factory, China, and were
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directly used without further treatment. MgO nanorods
encapsulated in multi-walled CNTs were prepared as follows:
magnesium powder (1 g), ethanol (10 mL), and TiO2 (0.5 g)
were mixed in a 20 mL stainless autoclave and heated in
an electric oven at 400◦C for 10 hours, then cooled to
room temperature. The wet black powder was collected
and washed with dilute hydrochloric and hydrofluoric. The
final products were washed with distilled water and absolute
ethyl alcohol, and then dried under vacuum at 50◦C for
4 hours.

X-ray powder diffraction (XRD) measurements were
carried out using a Bruker D8 advanced X-ray diffrac-
tometer equipped with graphite-monochromatized Cu Kα
radiation (λ = 1.5418 Å). Field-emission scanning electron
microscopy (FESEM) images were taken by a JSM-6700F
scanning electron microscope. TEM images were obtained
by a Hitachi model H-7000 TEM with an accelerating
voltage of 100 kV. The high-resolution (HRTEM) images and
energy-dispersive X-ray spectroscopy (EDS) were recorded
on a JEOL 2100 HRTEM microscope. Raman spectra were
obtained using a Horiba Jobin Yvon Raman microscope sys-
tem. The spectrometer was operated in continuous scanning
mode in the range of 500–1700 cm−1 using argon-ion laser of
wavelength λ = 514.5 nm.

3. Results and Discussion

Figure 1 shows XRD pattern of the as-prepared products.
The diffraction peaks at 43.0 and 62.4◦ were identified as
the (200) and (220) reflections of MgO (JCPDS card no.
65–0476), and those at 26.5 and 44.9◦ were attributed to
the (002) and (101) planes of CNT-related graphite (marked
with “c”). There are TiC and a little stable rutile-type
titanium dioxide [19] in the XRD pattern.

Figure 2(a) is a SEM image of the samples washed with
HCl. A great number of CNTs with outer diameters of
70 ∼ 130 nm and lengths of tens of micrometers were
observed in Figure 2(a). The top of nanotube displayed in
the inset of Figure 2(a) is open, which likes nanocapillary
to absorb hydrogen or other gases [20]. Figure 2(b) is a
TEM image of the samples. The internal structure of CNTs,
inside which discontinuous nanorods were encapsulated
with the diameters of 25–40 nm, was observed clearly. The
inset in Figure 2(b) is the corresponding EDS of nanorods,
suggesting that their chemical compositions were MgO
(the Cu peaks are from the copper grid that supports the
specimen and C peaks are possibly from the nanotubes).
That Ti peak was not observed in EDS indicated that TiC
particles were not located inside CNTs. The TEM image of
the aggregated particles located outside CNTs was further
confirmed (see Figure S1 in supplementary material available
online at doi:10.1155/2010/671863 supporting information).
A further investigation by HRTEM (Figure 2(c)) reveals
that the interlayer separation of 0.34 nm corresponds to
the (002) plane of the multi-walled CNTs and the fringe
spacing of 0.21 nm matches the (200) reflection of MgO
nanorods.

The representative Raman spectrum (Figure 3) of the
sample shows the typical features of multi-walled CNTs.
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Figure 1: The typical XRD patterns of the products washed with
dilute acid.

The spectrum demonstrates that the peak frequencies of the
graphite (G) mode are at 1575 cm−1 and contains disorder
(D) modes that are at 1343 cm−1. An indication of the relative
graphitization of the deposited material can be expressed as
the ratio of ID/IG [21]. The ratios of the band intensities
shown in Figure 3 are ID/IG = 0.67, suggesting a higher
degree of graphitization.

Several experimental factors including metal oxides,
temperature, and metals were adopted to investigate the
possible formation mechanism of the MgO-filled multi-
walled CNTs. The introduction of metal oxides played a
key role in encapsulating MgO nanorods inside multi-walled
CNTs. In the absence of TiO2, only pure multi-walled CNTs
appeared in the products, which agreed with previous results
[22]. If the amount of TiO2 was less than 0.5 g in our
experimental route, the encapsulations of MgO inside multi-
walled CNTs were difficult to be observed by TEM. As TiO2

was replaced by other metal oxides such as Fe2O3, the main
morphology of as-prepared samples was different with that
of TiO2 added in the reaction system. The abovementioned
experimental results suggested that the presence of TiO2

in the reaction system could assist the formation of MgO
nanorods encapsulated in multi-walled CNTs. The detail
reason for the influence of metal oxides on the products
was still under investigation. In addition, the influences of
the temperature and metals on the MgO-filled multi-walled
CNTs had also been studied. Results showed that the yield
of MgO nanorods encapsulated inside multi-walled CNTs
was reduced with the reaction temperature decreasing. When
the reaction temperature was lower than 200◦C, irregular
graphite films were the major products. Furthermore, when
Mg powder was substituted by Al, Fe, Zn, Co, or Ni, the
reaction did not happen. A possible reason is that the activity
of Mg powder was higher than that of abovementioned
metals.

Based on the results of HRTEM and EDS, a possible
growth mechanism of multi-walled CNTs filled with MgO
nanorods was proposed. It is known that catalyst materials
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Figure 2: (a) SEM image of CNTs (The inset is a high-resolution image.); (b) TEM image of CNTs filled with MgO nanorods (inset, EDS);
(c) HRTEM image of multi-walled CNTs filled with MgO.
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Figure 3: Raman spectrum of the as-prepared sample.

at the ends of CNTs were easy to be encapsulated into
the CNTs [23–25]. However, in this system, there were no

magnetic catalysts to promote the encapsulation and their
growth mechanism cannot be used to explain the growth
of the MgO-filled multi-walled CNTs. And there are no
other reports on the encapsulation of MgO nanostructures
inside multi-walled CNTs. Some porous MgO nanorods with
the diameters of 25–40 nm, similar in size to the MgO
nanorods encapsulated by multi-walled CNTs, were observed
by TEM (Figure 4(a)). The inset in Figure 4(a) is an enlarged
individual porous MgO nanorod, which was characterized
by HRTEM (Figure 4(b)). The formation of MgO may be
ascribed to the reaction of Mg power and TiO2. Simultane-
ously TiC nanoparticles form between Ti coming from TiO2

and carbon atoms. The inset in Figure 4(b) further proved
that the porous nanorods were coated with layers of graphite.
Porous structures have high specific surface area and high
surface energy [26]. Therefore carbon atoms were easy to
deposit on the surface of the MgO nanorods. As the reaction
proceeded, the graphite layers turned into highly ordered
multi-walled CNTs and finally the MgO-filled CNTs were
formed.
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Figure 4: (a) TEM image of the porous products (The inset image
shows the enlarged nanorods.); (b) HRTEM analysis of the porous
MgO nanorod (The inset image is the EDS spectrum.).

4. Conclusions

MgO nanorods encapsulated in multi-walled CNTs were
fabricated by a one-step synthesis in a 20 mL autoclave at
400◦C. TEM and HRTEM images show that MgO nanorods
with diameters of 25–40 nm were encapsulated inside multi-
walled CNTs with outer diameters of 70–130 nm and lengths
of tens of micrometers. Raman spectrum suggested that
multi-walled CNTs had excellent crystalline. The MgO
nanorods are believed to be a template for the multi-
walled CNTs growing. The electrochemical properties of
MgO/CNTs are being studied.
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Core-shell-structured CdSe/SiOx nanowires were synthesized on an equilateral triangle Si (111) substrate through a simple
one-step thermal evaporation process. SEM, TEM, and XRD investigations confirmed the core-shell structure; that is, the core
zone is single crystalline CdSe and the shell zone is SiOx amorphous layer and CdSe core was grown along (001) direction.
Two-stage growth process was present to explain the growth mechanism of the core/shell nanwires. The silicon substrate of
designed equilateral triangle providing the silicon source is the key factor to form the core-shell nanowires, which is significant
for fabrication of nanowire-core sheathed with a silica system. The PL of the product studied at room temperature showed two
emission bands around 715 and 560 nm, which originate from the band-band transition of CdSe cores and the amorphous SiOx

shells, respectively.

1. Introduction

In recent years, great efforts have been made to overcome
the numerous challenges associated with the design of one-
dimensional (1D) nanostructures with well-controlled size,
phase purity, crystallinity, and chemical composition, due to
their fascinating properties and unique applications [1–3].
With the ongoing development of nanodevices, the prepa-
ration of nanocables, such as semiconducting nanowires
sheathed with an insulating shell which can passivate
existing surface states, enables new interface properties
and introduces unique electronic and photonic function
that has attracted particular attention [2–7]. Amorphous
silicon oxide is optically transparent for the visible absorp-
tion/emission of semiconductor nanowires and produces
little destruction of their intrinsic optical properties; there-
fore it is widely used as passivation or insulation layers
materials. So far, several kinds of 1D nanocables based on
semiconductors sheathed with a silica system have been
achieved by employing a thermal evaporation method,

such as CdS/Si coaxial nanowires [8], SiO2-sheathed ZnO
nanowires [9], and ZnS/SiO2 core-shell nanowires [10, 11].
In this context, the Si source of the passivation layers was
provided by coevaporation of Si-based source and the core-
semiconducting powder in high temperature (>1000◦C) or
by the pretreatment of Si wafer in HF solution, in which
the high temperature and venenous solution should avoid in
the developed growth technologies. Development of simple,
low-cost, and environment-friendly growth processes is
necessary.

CdSe, with a direct band gap of 1.7 eV at room tem-
perature, is one of the most important materials in making
optoelectronic devices [12–14]. As a selenide, unprotect
nanostructured CdSe easily suffers surface degradation (such
as oxidation) and contamination in atmosphere which
severely damage there intrinsic properties. As a heavy
metal Cadmium-compound, the decreasing toxicity of the
nanostructures is highly desired especial for biorelated appli-
cations. Therefore, surface modification on CdSe nanostruc-
tures with coating a shell layer is very crucial and urgent
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Figure 1: Typical scanning electron microscopy (SEM) images of the products: (a) at low magnification; (b) at high magnification.

for their commercial or industrial utilization. In the last
few years, the majority of reports on the synthesis of CdSe-
core/shell nanostructures were focused on nanoparticles
[15, 16], and very few work has been done in the coaxial
nanowires except for one paper report on the synthesis of
CdSe/SiO2 nanocables [17], in which the reaction source
was added in the Si powder and was sublimated in the
temperature above 1200◦C. In this article, we report the
synthesis of coaxial CdSe/SiOx nanowires on an equilateral
triangle Si substrate through a simple one-step thermal
evaporation process at 900◦C. The effects of the equilateral
triangle Si substrate and local temperatures on the coaxial
nanowires growth are significant, which is in contrast to
early publications. Photoluminescence properties of these
coaxial nanowires were also briefly investigated at room
temperature.

2. Experimental

Core-shell nanostructures were synthesized by thermal
evaporation. The substrates used for the growth of CdSe
nanowires with a coaxial silicon shell were p-type (111) Si
wafers. Before used, the Si wafers were cut into an equilateral
triangle (the vertex angle is about 60 degrees) and then
cleaned ultrasonically for 30 minutes in acetone solution.
An Au film about 20 nm in thickness was deposited onto
the ultrasonically-cleaned Si wafers by sputtering. About
0.1 g commercial-grade CdSe powder (Strem Chemicals,
99.999+%-Cd purity) was placed in the center of a single
zone tube furnace and evacuated for several hours to purge
oxygen in the chamber. The treated Si substrates were placed
5 cm away from the CdSe powders and along the downstream
side of the flowing Ar (90%) and H2 (10%). Typically, the
CdSe source temperature was controlled at about 900◦C at a
rate of 100◦C /min. During the growth process, the mixture
carrier-gas flow was kept at a constant rate of 10∼20 sccm.
After 60 minutes of typical deposition time the samples were
cooled down to room temperature. Dark-brown products
appeared on the Si wafers.
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Figure 2: The XRD pattern of the products collected from the
silicon substrate.

X-ray powder diffraction (XRD) data were obtained on a
Siemens D-5000 type diffractometer equipped with graphite-
monochromatized CuKa1 radiation (l = 1.54056 Å). The
morphologies and chemical composition of the products
were examined by a field emission scanning electron micro-
scope (FE-SEM, JSM-6700F) and transmission electron
microscopy (TEM, JEM-3010) with an energy-dispersive
X-ray (EDX) spectroscope attached to the JEM. Room-
temperature photoluminescence (PL) was taken on a Con-
focal Optical Microscope (Witec) using an Ar-ion laser
(488 nm) as an excitation light source.

3. Results and Discussion

The as-deposited products were first examined by SEM
observation. Figure 1(a) showed the typical low-SEM images
taken from the as-prepared products on Si substrates. The
image shows that samples were formed in long and wirelike
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Figure 3: (a) Typical TEM images of nanowires, showing a core/shell structure. (b) The EDX patterns on the core and the shell areas of the
nanowire signed by white box, respectively. (c) High-resolution TEM image of the interface between the crystalline core and amorphous
sheath. (d) The SAED pattern of the core areas indicates a hexagonal wurtzite structure single crystalline layer and an amorphous layer.

nanostructures. The high-magnification SEM image was
been given in Figure 1(b) which indicated that the diameter
of the nanowire is about 100 nm. Furthermore, nanosized
particles (marked with an arrow in Figure 1(b)) were found
attached to the ends of the nanowires, indicating a likely
vapor-liquid-solid (VLS) process for the formation of core
nanowires [18]. XRD measurements were made on the
nanowires to assess the structure and phase purity. A typical
XRD pattern of the nanowires was shown in Figure 2.
The main diffraction peaks match well with a wurtzite
(hexagonal) structure of bulk CdSe with lattice constants
of a = 4.299 Å and c = 7.010 Å (PDF No. 77–2307). A
weak Au diffraction peak from catalytic Au nanoparticles was
detected. Besides, a broad peak located at ∼22 degree, which
indicates that there are some amorphous materials in the
product.

Morphology and microstructural analyses were further
performed using TEM. Figure 3(a) shows a typical TEM
image of the nanowires. From this image we can identify

clearly that the nanowires have a core-shell nanostructure;
that is, a relatively thick sheath with light contrast is
formed outside the surface of nanowires with dark contrast.
Furthermore, the diameter of the core and the thickness
of the shell of individual nanowire are uniform and the
typical dimensions are all in the range of 30 to 40 nm. To
further investigate the composition of the sample, EDX was
taken of the core and shell areas of the nanowire and is
presented in Figure 3(b). It can be found that the core of
the nanowire is mainly composed of Se and Cd and the
shell is mainly made up of Si and O. The extra Cu shown
in the EDX spectrum stems from the Cu grid. HRTEM
image was taken with the electron beam along a single
nanowire, as is shown in Figure 3(c), which reveals the
clear crystalline-core/amorphous-shell interface. Moreover,
the measured lattice spacing of crystalline core is 0.35 nm,
corresponding to the (001) lattice planes of hexagonal
wurtzite CdSe. Figure 3(d) shows a selected-area electron
diffraction (SAED) pattern taken from the core zone of
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Figure 4: SEM image of the sample with different temperature region: (a) 750–800◦C; (b) 700–750◦C; (c) schematic illustration of the
growth process of the core-shell CdSe/SiOx nanowires.

the nanowire, which could be indexed for the (001) zone axis
of single crystalline CdSe. Since only one set of diffraction
spots from wurtzite structure of CdSe was found, it can be
inferred that the core zone is single crystalline CdSe and the
shell zone must be amorphous layer. These results indicate
that the nanowire composed of a crystalline CdSe core and
an amorphous SiOx shell.

To investigate the growth mechanism of the core-
shell CdSe/SiOx nanowires, we examined products on the
different collection positions, that is, at distinctive deposition
temperature. Figures 4(a) and 4(b) show the SEM image
of the sample with a distinctive collection temperature
region range of 750–800◦C and 650–700◦C, respectively.
It can be seen from Figure 4(a) that the nanowires have
the uniform diameter and smooth surface. These suggest
that the core/shell nanowires form completely. However,
at a comparatively low-temperature region, the nanowires,
as given in Figure 4(b), with the coarse sheath would be
obtained. Some snowflake-like aerosol adsorbed on the
surface of the core wire. We suppose that the growth
process of the core/shell nanwires is mainly divided into
two stages. The first stage is an ordinary vapor-liquid-solid
(VLS) growth process. The conclusion can be supported by
nanosized particles marked with an arrow in Figure 1(b).
During this process step, the density of CdSe vapor is far
denser than the Si vapor which came from the special
triangle Si substrate used in this experiment. The main two
reasons are as follows. (1) The CdSe source is relatively
sufficient in the initial stage and enough CdSe powder
can sublime at a suitable temperature zone (∼900◦C). (2)
Addition of H2 could accelerate the evaporation of CdSe
powders as indicated in the following reaction equation:
CdSe(s) ↔ CdSe(g) CdSe(s) + H2(g) ↔ Cd(g) + H2Se(g).

Thus, we can assume that the first step is a fast growth CdSe
as guided by a gold catalyst based on the VLS growth process.

With the reaction continue and the CdSe powders
exhausting, the Si vapor density starts to increase and is
carried by the mixture carrier gas to a lower temperature
zone, where it condenses. In the second stage, the CdSe
nanowires serves as the preferable adsorption site for the Si
in the vapor phase and eventually works as the template for
the one-dimensional growth of Si. Meanwhile, the surface of
the silicon was oxidized to form SiOx (the trace remnant of
oxygen that was not eliminated completely by flushing with
mixed gas and/or from the leakage of the furnace serves as
the oxidant) during heating, resulting in the CdSe-core/SiOx-
sheath nanocable structure. Therefore, this process is mainly
grows the SiOx shell on the CdSe-core nanowires via the
vapor-solid (VS) mechanism. The growth of nanostructures
always abides to the thermodynamic/kinetic issues [19]. In
the high-temperature region, the dynamics effect is remark-
able and the Si vapor is sufficient. The CdSe-core/SiOx-
sheath structure of the uniform diameter and smooth surface
can be obtained (Figure 4(a)). However, in the comparatively
low-temperature position where is far away from the CdSe
powder, the situations are different. The intensity of Si
steam is comparatively low and Si aerosol adsorbed on CdSe
nanowire templat slowly and unorderly, liking semiwraps
nanowires. (Figure 4(b)). Then, we can regard it as the
intermediate state of the final core/sheath nanowires shown
in Figure 4(a). The stage of the growth process can be seen in
Figure 4(c).

We need to point out that the silicon source is provided
by the silicon substrate. This was in contrast to early
publication which added the silicon-based materials in the
mixture source powder [17]. The supported experimental
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Figure 5: Room temperature PL spectrum of the core/shell-
CdSe/SiOx nanowire. λexc was 488 nm.

facts are as follows: (1) no extra silicon source is provided; (2)
the core/shell nanostructures are only found on the silicon
substrate close to the precursor powder source, indicating
that the Si substrate is the Si source. Moreover, the Si wafer
used in the experiment was cut into equilateral triangle
and has not corroded processing. In the deposition sample,
the vertex angle of the Si wafer was facing to the CdSe
powder source. We think that the triangle Si substrate is
the only substance to produce the Si source, since only the
CdSe nanostructures can be found under similar conditions
except the shape of the Si substrate changing to the ordinary
rectangle. On the one hand, the forefront silicon substrate
of the triangle Si wafer reacts more intense at the same
temperature when the shape of the Si substrate changes from
the broad rectangle to narrow triangle. On the other hand,
the substrates used for the growth were p-type (111) Si
wafers and the active (111) planes were naked and reacted
completely with the source vapor when it was designed in
equilateral triangle. Therefore, the triangle Si substrate is easy
to sublimate and provided the Si source even in the moderate
reaction condition. The ways which provide the Si source by
changing the shape of Si substrate may be useful for future
design of other Si compound nanostructures.

One typical room-temperature photoluminescence (PL)
spectrum of the CdSe/SiOx coaxial nanowires is shown
in Figure 5, which reveals an intensive peak centered at
715 nm and a weak peak located at about 560 nm. The
longer wavelength peak is explained as the band-to-band
emission of CdSe-core nanowires with a bandgap of about
1.74 eV. There is a blue-shift of about 15 nm (0.04 eV) with
respect to the emission of bulk CdSe (730 nm; 1.7 eV), which
may be related to quantum-confinement effects [20]. The
lower PL intensity peak may be attributed to the amorphous
SiOx shell. Literatures [21] have reported the oxidized SiO2

nanotubes emission peak at about 570 nm. The PL band
around 550 nm also was indexed to the SiOx shell of Si/SiOx

nanowires [22]. Here, we think that the visible emission at

560 nm also come from the amorphous silica shell, in which
the dissimilar peak position may be linked to the different
density of oxygen vacancies.

4. Conclusion

In summary, we synthesized coaxial CdSe/SiOx nanowires
through simple one-step thermal evaporation process on an
equilateral triangle Si substrate. The structures and growth
mechanism have been presented. We found that the temper-
ature and the Si substrates of designed equilateral triangle
have the critical effect on the formation core/shell nanowires.
The PL studies present two emission bands about 560 nm
and 715 nm, which originate from the intrinsic transition
of CdSe cores and the amorphous SiOx shells, respectively.
We believe that this simple preparation technique can be
useful for synthesis of other core-semiconductor/shell-Si
nanostructures.
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By using the polycarbonate membrane a template, mesoporous silica rods are fabricated on a silicon substrate in one pot. From
scanning electron microscope (SEM) images, the creation of fibrous morphology is confirmed over the entire area. The diameter
of the obtained rods is consistent with that of the template. Transmission electron microscope (TEM) images revealed that the
tubular mesochannels are uniaxially oriented parallel to the longitudinal axis of the silica rods. The mesoporous titania rods with
anatase crystalline frameworks are also fabricated.

1. Introduction

Mesoporous/mesostructured one-dimensional (1D) materi-
als (such as rods and tubes) are attractive, because they can
be utilized as noble optical, electric and magnetic devices.
One of the fabrication methods for the 1D material is the
template-directed synthesis. In this process, the precursor
solution is introduced into the pores of the template. By
adding the surfactant into the precursor solution, the self-
organization of surfactant micelles occurs, which derives the
ordered mesostructures within the template. After removing
the template and surfactants, the mesoporous 1D materials
can be obtained.

The fabrication of the mesoporous 1D materials on a
substrate is important for practical application. Recently,
Zhu et al. reported the synthesis of mesostructured silica
tubes on a silicon substrate using the porous anodic alumina
(PAA) template [1]. In this study, though the fabricated
tubes were oriented perpendicularly to the substrate, a strong
vacuum condition was required to enter the surfactant/silica
source into the pores of the PAA template. Furthermore,
because the PAA template was removed by the use of
phosphoric acid, this fabrication method is not applicable to
compositions with low tolerance for acid.

To overcome it, we focus on the polycarbonate (PC)
membrane. The PC membrane has several advantages
compared to the PAA [2–4]. Firstly, since the PC is stable
under acidic condition, the side reactions are prevented.
In addition, the PC membrane and the surfactants can
be removed simultaneously by calcination. In this paper,
we demonstrate the one-pot fabrication of mesoporous
silica rods on a silicon substrate using the PC template.
Without using the strong vacuum condition, the silica rods
were successfully fabricated on the substrate. Our facial
fabrication procedure was also applied for the fabrication of
mesoporous titania rods.

2. Experimental

2.1. Materials. Tetraethyl orthosilicate (TEOS, extra pure
reagent) as a silica source was purchased from Nacalai
Tesque, Inc. Titanium tetraisopropoxide (as titania source)
was obtained from Wako Pure Chemical Industries, Ltd.
Ethanol, dilute hydrochloric acid (pH = 2), and concentrated
hydrochloric acid (35.5 w%) were obtained from Nacalai
Tesque, Inc. A triblock copolymer P123 was obtained from
Sigma-Aldrich, Inc. Polycarbonate membrane filters with
200 nm diameter pores were purchased from Advantec Co.,
Ltd.



2 Journal of Nanomaterials

P123/TEOS or P123/TTIP

Silicon substrate

Polycarbonate membrane

Enter into the pores
due to the capillary force

Calcination

Figure 1: Schematic presentation of the fabrication of mesoporous silica and titania rods using the polycarbonate (PC) membrane as the
template on a silicon substrate.

2.2. Preparation of Precursor Solutions. The mixture of
tetraethyl orthosilicate (TEOS, 5.2 g), ethanol (6 g), and
dilute aqueous HCl (pH = 2, 2.7 g) was stirred for 20 minutes.
Then triblock copolymer P123 (1.38 g) and ethanol (4 g)
were added and the mixture was stirred for 3 hours [5]. In
the preparation of the titania precursor solution, we followed
the paper by Wu et al. [6]. Concentrated HCl (35.5 w%,
0.74 g) was added into titanium tetraisopropoxide (TTIP,
1.05 g) and stirred vigorously for 10 minutes. This solution
was added drop by drop into an ethanol solution (3 g) of
P123 (0.2 g), then stirred for 15 minutes.

2.3. Preparation of Mesoporous Silica and Titania Rods.
The fabrication procedure of mesoporous rods is shown
schematically in Figure 1. The thin film was prepared by
spin-coating at 8000 rpm (Silica) and 4000 rpm (Titania)
on a silicon wafer cleaned with ethanol. After the spin-
coating, a polycarbonate membrane filter was placed on the
film. Because the surface of the spin-coated film was not
dried out completely, P123/TEOS and P123/TTIP sources
can penetrate into the pores of the PC membrane due to the
capillary force. The silica film with the PC membrane was
dried in air for 1 day and the titania film was aged at −20◦C
for 1 day. These as-synthesized films were calcined at 500◦C
for 8 hours (Silica) or 400◦C for 4 hours (Titania) to remove
the PC membrane and surfactants simultaneously.

2.4. Characterization. SEM images were recorded with a
Hitachi S-4800 field emission scanning electron microscope.
Before the observation, SEM samples were coated with Pt.
TEM images were obtained using a JEOL JEM-2010. During
the measurement, the accelerating voltage of the electron
beam was set to be 200 kV.

3. Results and Discussion

The SEM image of the silica rods is shown in Figure 2(a).
A large number of rods were successfully fabricated over the
entire area of the substrate. The estimated diameter of the
obtained fiber was about 200 nm, which consisted with the
pore size of the PC membranes. These facts indicate that the
size of rods can be controlled by changing the pore sizes of
the PC membranes. The length of the fabricated fibers ranged
between 1 μm to 2 μm, which was much shorter than the
PC membrane thickness (about 10 μm). The main reason
is that the spin-coated film was so thin that the precursor
source cannot fulfill the entire pore space of the PC template.
Titania rods were also fabricated as shown in Figure 2(b),
revealing that our procedure is applicable beyond silica. The
densities of the rods were lower rather than that of the silica
tubes/rods prepared by PAA membranes [2, 7–10], because
the number of the pores in the PC membranes is relatively
lower (Figure 3). Also, the fabricated rods were randomly
placed and inclined to the substrate (Figure 2), because the
pores in the PC membranes are randomly dispersed and
the pores are not oriented completely perpendicular, but are
tilted to the substrate (Figure 3).

Almost the P123/TEOS and P123/TTIP sources could
penetrate into the pores of the PC membrane due to the
capillary force, because the continuous films regions on the Si
substrate were not observed clearly from the cross-sectional
SEM images (Figures 2(c) and 2(d)). But, it was revealed that,
from a highly magnified SEM image (Figure 4), very thin
films (less than 30 nm) with uniform mesopores covered the
area of the substrate.

Furthermore, the mesostructures inside the silica rods
were investigated directly by taking the TEM images per-
pendicular to the long axis of the fibers (Figure 5). Tubular
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Figure 2: SEM images of mesoporous silica (a) and (c) and titania (b) and (d) rods on the silicon substrate: Figures (a) and (b) are top-
surface images, while Figures (c) and (d) are cross-sectional images.

1 μm

Figure 3: SEM image of top-surface of the used PC membranes.
Although the pore size is uniform (around 200 nm), the pores are
randomly distributed on the surface.

mesopores were observed in the rod and these mesochannels
were uniaxially oriented parallel to the longitudinal axis of
the rod. The pore diameter of mesopores was estimated to
be 6.2 nm, which coincided well with the result of N2 gas
adsorption-desorption (6.0 nm) [4]. In the SAXS profiles of
silica rods, peaks assignable to (10), (11), and (20) peaks of
2D hexagonal symmetries (p6m) were observed (not shown),
confirming the mesostructural ordering.

The appearance of the mesopore channels parallel to the
longitudinal axis is noteworthy. It has been well known that
there are two types of orientations of the mesochannels in a
cylindrical confide space. One is “columnar orientation” in
which the tubular mesochannels are aligned along the long

100 nm

Silica rod

Silica rod

Figure 4: High-magnified SEM image. The mesoporous silica rods
are deposited on the substrate. The arrows indicate the formation
of uniform mesopores on the substrate surface.

axis of the cylinders. The other one is “circular orientation”
in which the mesochannels are circularly formed inside the
cylinders (i.e., stacked-donuts structures) [7]. In the use of
porous anodic alumina (PAA) membranes with P123 sur-
factants, the “circular orientation” is mainly formed inside
the cylindrical channels, even though the mesochannels
orientation with respect to the long axis of the cylinders can
be tuned according to the silica-to-P123 ratio and the salt
content in the precursor solution and the relative humidity
during the solvent evaporation [7–9]. On the other hand,
in the use of PC membranes with P123 surfactants, the
interaction of silica-P123 species with the PC surfaces is
weaker than that with the PAA surfaces, and any preferred
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Figure 5: TEM images of the mesoporous silica rod after the
calcination. The arrow in Figure (b) indicates the interface between
the silica rod and the Si substrate (i.e., the edge of the mesoporous
silica rod).

orientations were not confirmed. In this case, both the
“columnar orientation” and the “circular orientation” were
observed [4]. In the present system, however, only “columnar
orientation” was observed in the rods. When the P123/TEOS
source penetrates into the pores of the membrane due to the
capillary force (Figure 1), the motion of silica-P123 species
in a uniaxial direction to the long axis of the PC channels
occurs. At this stage, the tubular mesochannels can be
anisotropically arranged along the flow direction (i.e., along
the cylinders of the PC membranes), because an interaction
between the P123/TEOS sources and the PC surface is weak.
At the interface between the silica rod and the Si substrate,
it was proved that the mesochannels were oriented parallel
to the Si substrate, due to the strong interaction between
the silica-P123 species and the Si substrate surface. This
phenomenon has been normally observed previously [5].

In the case of the mesoporous titania rods, it is expected
that crystallization as well as template removal will occur
during the calcination procedure [6]. Disordered mesostruc-
tures are observed inside the rods (not shown). In the
XRD pattern of titania samples, several diffraction peaks
were detected (not shown). These peaks were well matched
with the diffraction pattern of anatase titania, revealing that
fabricated titania rods have anatase crystalline frameworks.
The crystal size of anatase titania was estimated using the
Scherrer equation: by using (101) reflection peak, the crystal
size was roughly estimated to be around 4.8 nm. Fabrication

of mesoporous rods with such crystallized frameworks will
be important for a practical application such as catalyst.

4. Conclusion

Mesostructured silica and titania rods on a silicon substrate
were successfully produced by using the polycarbonate mem-
branes as templates. Because the polycarbonate template and
surfactants were burned out simultaneously, the mesoporous
rods were fabricated in one pot, which facilitates the pro-
duction of the arrays in comparison with the previous work
using PAA membranes [1]. In the case of mesoporous titania
rods, the crystallization also occurred during calcination
procedure. This facial synthesis method can be utilized to
fabricate various types of metal oxide rods on a substrate.
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Peanut-like and flower-like zinc oxide 3D architectures were synthesized via a facile biomimetic process using gelatin as matrix.
Techniques of XRD, SEM, HRTEM, FT-IR, and UV-vis absorption spectra were used to characterize the structure and property
of the zinc oxide architectures. The experimental results show that the peanut-like ZnO and flower-like ZnO architectures can be
obtained through changing the Zn2+ concentration or the aging time. FT-IR spectra indicate that the Zn2+ is coupled with the
C=O bond of the gelatin molecules through the electrostatic interaction. Based on the experimental process, the possible growth
mechanism of the ZnO 3D architectures is proposed. UV-vis absorption spectrum of the peanut-like ZnO has a broad absorption
band in the UV region, and the blue-shifting of the band is observed.

1. Introduction

Nanomaterials have attracted much attention because they
have special characteristics in optical, photovoltaic, and
catalytic applications that differ from those of bulk materials
[1]. Zinc oxide has a wide band gap (3.37 eV) and a
large exciton binding energy (60 meV) at room temperature
and has been extensively investigated for applications in
luminescence, photocatalysts, surface acousite wave filters,
piezoelectric transducers and actuators, gas sensors, solar
cells and so on [2–8]. Recently, many synthesis methods have
been employed for the growth of ZnO nanomaterials such
as the hydrothermal process [9–11], the conventional sputter
deposition technique [12], the chemical vapor deposition
(CVD) [13–15] and the thermal evaporation [4]. Moreover,
many graceful nano-architectures have been prepared by
different techniques, such as nanowires, nanobridges, nanos-
nails, nanobundles and nanocombs [10, 15, 16]. However,
the methods used to prepare these types of ZnO usually
require relatively high temperature and sometimes com-
plicated process. Comparatively, the wet chemical method,
for it employs a low growth temperature (<100◦C) pro-
cess and has good potential for scale-up, becomes one
of the successful techniques for preparing nanosized ZnO
[17–22].

Biominerals are usually formed on the surface of organic
templates (or matrixes). Recently, inorganic materials with
higher performance and more exquisite morphologies have
been obtained by biomimetic synthesis. Simulating the
biomineralization process of the nucleation and growth
of inorganic materials mediated by organic matrixes has
become the focus of material science [23, 24]. Gelatin is
the denaturation product of collagen which is the major
structural protein in the connective tissue of animal skin and
bones. Gelatin has been investigated by in vitro biominer-
alization [25–31]. Heterogeneous nucleation of ZnO using
gelatin as the organic matrix has been studied [20]. However,
the reported synthetic methods are limited to the growth
of 1D or 2D ZnO (thin films) and only few on 3D
ordered architectures [6]. In the present work, a simple and
biomimetic process was employed to synthesize 3D zinc
oxide architectures at room temperature. The biomimetic
growth and self-assembly of zinc oxide 3D architectures in
the gelatin solution were investigated, and the formation
mechanism of the 3D ZnO architectures was also discussed.

2. Experimental Section

2.1. Materials. Gelatin was obtained from Beijing
Aoboxing Universeen Bio-Tech Co. Ltd (Beijing, China).
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Zn(NO3)2 · 6H2O, absolute ethyl alcohol and ammonia
were purchased from Beijing Chemical Reagent Co. Ltd
(Beijing, China) and all of reagents were of analytical grade.
De-ionized water was used in each synthesis and washing
step.

2.2. Synthesis of Zinc Oxide 3D Architectures. In this experi-
ment, a simple biomineralized method to obtain zinc oxide
crystals was adopted. In brief, the aqueous solution of
gelatin as mineralized solution was prepared using 3 g gelatin
dissolved in 100 ml de-ionized water. The concentration of
the gelatin was 3%(wt). 1.84 g Zn(NO3)2·6H2O was added in
100 ml as-prepared gelatin solution and dissolved. The mixed
solution was stirred continuously and titrated with ammonia
(6 mol/L) at room temperature, and then the pH value of the
mixed solution was adjusted to 8.0. After being stirred for
30 minutes, the suspension was kept at 30◦C for 24 hours.
The precipitate was obtained by centrifugation at a speed
of 4500 rpm and then washed thoroughly with de-ionized
water to remove the diffluent salts. Three cycles of washing
and centrifuging were required. Afterwards, the precipitate
was washed twice with absolute ethyl alcohol. Finally, the
sample was harvested by centrifugation and oven-dried at
60◦C for 12 hours. According to the same process, 2.97 g
Zn(NO3)2·6H2O was added in gelatin solution and the other
sample was obtained.

2.3. Characterization. The crystallization and purity of the
samples were characterized by X-ray diffraction (XRD)
analysis with a D/max 2500VB2+/PC X-ray diffractometer
using graphite monochromatized Cu Kα radiation (λ =
0.15406 nm) at a scanning speed of 10 ◦/min−1. Field emis-
sion scanning electron microscopy (FESEM, Hitachi S-4700)
was employed to characterize the morphological features
of the samples that were sputter-coated with gold prior
to examination. The detailed morphology and structural
characterization were investigated through high-resolution
transmission electron microscope (HRTEM, JEM3010). For
infrared adsorption analysis, 1 mg of the samples was
carefully mixed with 200 mg of KBr (infrared grade) and
pelletized (diameter of the disk shaped pellet = 7 mm)
under the pressure of 4 tons for 1 minute. The pellets
were analyzed by using a Nicolet Avatar 370 MCT Fourier-
transform infrared (FT-IR) spectrometer in the range of
4000–400 cm−1. The optical property of the samples was
measured by UV-Vis spectrophotometer (Hitachi Model U-
3010).

3. Results and Discussions

3.1. The Structural Characterization of ZnO Nanoarchitec-
tures. Figure 1 shows the XRD patterns of the products.
Product A and Product B were obtained when the concen-
trations of Zn2+ were 0.06 mol/L and 0.1 mol/L, respectively.
The diffraction peaks were indexed as the (100), (002), (101),
(102), (110), (103), (200), (112), (201), (004), (202), (104),
and (203) reflections of wurtzite (hexagonal) structured ZnO
(JCPDS card No. 65–3411, lattice parameters of a = b =
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Figure 1: XRD patterns of zinc oxide synthesized at the differ-
ent Zn2+concentration in 3%(wt) gelatin solution: A, 0.06 mol/L
Zn(NO3)2 · 6H2O; B, 0.1 mol/L Zn(NO3)2 · 6H2O.

3.25 Å, c = 5.207 Å). The products are well crystallized
and the crystallization degree of Product A is better than
that of Product B according to the intensity of the XRD
pattern. No peaks associated with other crystalline forms are
detected, which indicates that ZnO crystals were successfully
synthesized through the simple biomimetic process.

3.2. The Morphology of the 3D ZnO Architectures. Figure 2
presents the FESEM images of the 3D ZnO architectures. It
can be seen that the as-prepared products are mainly com-
posed of two types of architectures: peanut-like (Figure 2(a))
and flower-like (Figure 2(b)) structures. The peanut-like
products are obtained when the concentration of Zn2+ is
0.06 mol/L, and the morphologies of the 3D peanut-like ZnO
architectures are with length ranging from 500 nm to 1 μm
and width varying from 200 nm to 300 nm. However, as the
concentration of Zn2+ ions increases to 0.1 mol/L, flower-like
ZnO structures produce, consisting of nano-rods with 80 nm
in length and 20 nm in diameter. These experimental results
reveal that the development of ZnO architectures in gelatin
solution is greatly influenced by the concentration ratio of
Zn2+ to gelatin.

High-Resolution Transmission electron microscopy
(HRTEM) studies were carried out to examine the crystal-
lography and structure of the peanut-like ZnO architectures.
Figure 3 shows the HRTEM images of the peanut-like
ZnO sample. Figure 3(a) is the low-magnification TEM
image of the peanut-like ZnO after sonication treatment in
ethanol for 30 minutes. The dimensions of the peanut-like
ZnO are about 500–800 nm in length and about 200 nm in
width, which are consistent in the FESEM observations. The
HRTEM images in Figure 3(b) show that the peanut-like
ZnO architectures are organized with nanorods, and have a
clean and perfect lattice structure without dislocation and
stacking faults. The lattice space of adjacent planes is about
0.25 nm, corresponding to the (101) fringe perpendicular
to the growth direction, which is consistent with that of the
bulk wurtzite ZnO crystal.
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Figure 2: FESEM images of the zinc oxide synthesized at the different Zn2+concentration in 3%(wt) gelatin solution: (a), 0.06 mol/L; (b),
0.1 mol/L.
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Figure 3: HRTEM images of the peanut-like ZnO: (a), low-magnification; (b), high-magnification.
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Figure 4: FT-IR spectra of the peanut-like ZnO and the gelatin.

3.3. FTIR Measurement. Figure 4 is the FT-IR spectra of the
gelatin and the peanut-like ZnO. It shows that the charac-
teristic absorption bands at 1260, 1416 and 1628 cm−1are
assigned to the amide I, II, III of gelatin [27]. The 1342 cm−1

band in gelatin represents the carboxyl group, which is

attributed to the so-called wagging vibration of praline side
chains. These absorption bands indicate that a small amount
of gelatin exists in the ZnO architectures. Compared with
the spectra, the reflectance strong C=O peak at 1628 cm−1

in gelatin shifts to higher wavenumber at 1654 cm−1 in the
ZnO sample due to the Zn2+ ions coupled with the C=O
through electrostatic interaction. This result suggests that
the nucleation and self-organization of ZnO nanocrystals
can be controlled by the gelatin macromolecules, and the
carbonyl groups on the surface of gelatin molecules can be
the nucleation sites of ZnO. Then, the ZnO nanocrystals
precipitate on the surface of the gelatin macromolecules and
are spontaneously formed into 3D ZnO architectures.

3.4. The Proposed Growth Model and Mechanism. To further
investigate the growth process of the peanut-like ZnO archi-
tectures, FESEM studies were carried out for the products
obtained at different reaction times. Figure 5 shows the
FESEM images of the product obtained at the aging time of
10 minutes, 30 minutes, 1 hour, 2 hours, 6 hours, 12 hours,
18 hours and 24 hours. It can be found that the morphology
of as-synthesized samples vary from nanoparticle and flower-
like structure to peanut-like structure. When the aging time
is less than 2 hours, the particle structures produce, as
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Figure 5: FESEM images of the samples synthesized at different reaction times: (a) 10 minutes; (b) 30 minutes; (c) 1 hour; (d) 2 hours; (e)
6 hours; (f) 12 hours; (g) 18 hours; (h) 24 hours.
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Scheme 1: Illustration of growth process of 3D ZnO architectures: (a) nucleation; (b) growth; (c) flower-like structure; (d) peanut-like
structure.
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Figure 6: UV-vis spectra of the ZnO samples: Curve A is the
peanut-like ZnO; Curve B is the flower-like ZnO.

shown in Figures 5(a)–5(c). In comparison, as the aging
time reaches 2 hours and 6 hours, the flower-like structures
form (Figures 5(d)–5(f)). The peanut-like structures are
shown in Figure 5(e) and the quantity of the flower-like
structures decreases when the aging time is more than 12
hours. As the time comes up to 18 hours and 24 hours,
lots of peanut-like architectures produce (Figure 5(g)). In
the growth process, the gelatin molecules can induce the
nanoparticles to become flower-like and peanut-like 3D
architectures. The formation of 3D ZnO architectures could
be a self-assembly process. Individual ZnO nanoparticles
self-assemble to hierarchical nanostructures as the primary
unit, and then hierarchical nanostructures interact via Van
der Waals forces and electrostatic forces, which results in
their spontaneous self-organization and the formation of the
higher-order structures [12].

Schematic representation of nucleation, growth and self-
assembled aggregation of the 3D ZnO architectures are
displayed in Scheme 1 based on the process of growth at
different aging times. The nucleation begins with the electro-
static attraction between the positive charges of metallic ions
and the negative charges of carboxylic groups of the gelatin
molecule (Scheme 1(a)) [20]. The gelatin mainly disperses as
random coils (Scheme 1(b)) and these random coils behave
as organic matrixes holding Zn2+ cations on the negative

charge of gelatin molecules, and the nucleation can be initi-
ated from these active sites as a heterogeneous reaction. After
nucleation, ZnO growth takes place in the free space among
gelatin macromolecule chains with obvious consequences
on the morphology of the inorganic deposits. Owing to the
effect of the Van der Waals forces, electrostatic forces and
hydrogen bonds among the gelatin macromolecules chains,
the ZnO nanocrystals as primary units self-organize to the
flower-like 3D structures (Scheme 1(c)). According to the
XRD results, the crystallization degree of the flower-like ZnO
is weaker. As the mineralization is in progress, the ZnO
crystals would recrystallize further and the single flower-like
3D architecture can be transformed and organized to the
peanut-like 3D architectures as a sub-unit structure of self-
assembly process (Scheme 1(d)). The HRTEM results show
that the peanut-like architectures, which are composed of
rod-like ZnO, are better crystallization and stabler morphol-
ogy to wurtzite ZnO [30]. Therefore, when the reaction time
is more than 18 hours, the final particle structures incline to
turn into 3D peanut-like ZnO architectures.

3.5. UV-Vis Characterization. Figure 6 presents the UV-Vis
absorption spectra of the ZnO samples. Curve A is the
sample of peanut-like ZnO and Curve B is the sample of
flower-like ZnO. It can be seen from Curve A in Figure 6
that there is intensive absorption in the ultraviolet band
of about 200–400 nm. With respect to the bulk absorption
edge appearing at 373 nm at room temperature, a stronger
excitonic absorption feature at about 345 nm is blue shifted
about 30 nm [1, 32]. The fact that the excitonic peak shifts
to blue results from their decreasing crystal size due to
the pronounced quantum confinement effect in the ZnO
nanocrystallites [32]. As to Curve B, on the other hand, the
absorption peak is located at 305 nm and shows a poor UV
absorption because of weaker crystallization.

4. Conclusions

In summary, zinc oxide 3D architectures were synthesized
by the biomimetic process in the gelatin solution at the
room temperature. XRD, FESEM, HRTEM, FT-IR and UV-
Vis absorption spectra had been used to characterize the
as-obtained ZnO samples. The XRD patterns prove that
as-prepared products indexed to the wurtzite (hexagonal)
structure of ZnO are well crystallized and have no obvious
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impurity phase. By changing concentrations of Zn2+ ions
or the reaction time, peanut-like 3D ZnO architectures and
flower-like 3D ZnO architectures can be successfully synthe-
sized. FT-IR spectra show that the Zn2+ ions are coupled
with the C=O bond through electrostatic interaction, which
suggests that the amide groups and carboxyl groups on
the surface of gelatin molecules are the nucleation sites of
ZnO. The ZnO nanocrystals then precipitate on the surface
of the gelatin and spontaneously self-organize to 3D ZnO
architectures. The UV-Vis absorption spectra of the peanut-
like ZnO nanocrystals reveal a stronger excitonic absorption
feature at about 345 nm. It is expected that this study can
offer a convenient and efficient route for the preparation of
ZnO architectures.
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[5] L. Wu, Y. Wu, and Y. Lü, “Self-assembly of small ZnO
nanoparticles toward flake-like single crystals,” Materials
Research Bulletin, vol. 41, no. 1, pp. 128–133, 2006.

[6] J. Liu, X. Huang, Y. Li, J. Duan, and H. Ai, “Large-scale
synthesis of flower-like ZnO structures by a surfactant-
free and low-temperature process,” Materials Chemistry and
Physics, vol. 98, no. 2-3, pp. 523–527, 2006.

[7] X. Cao, X. Lan, C. Zhao, W. Shen, and D. Yao, “Porous
ZnS/ZnO microspheres prepared through the spontaneous
organization of nanoparticles and their application as sup-
ports of holding CdTe quantum dots,” Materials Research
Bulletin, vol. 43, no. 5, pp. 1135–1144, 2008.

[8] Z. Jia, L. Yue, Y. Zheng, and Z. Xu, “Rod-like zinc oxide
constructed by nanoparticles: synthesis, characterization and
optical properties,” Materials Chemistry and Physics, vol. 107,
no. 1, pp. 137–141, 2008.

[9] Y. Ni, G. Wu, X. Zhang, et al., “Hydrothermal preparation,
characterization and property research of flowerlike ZnO
nanocrystals built up by nanoflakes,” Materials Research
Bulletin, vol. 43, no. 11, pp. 2919–2928, 2008.

[10] Z. Fang, K. Tang, G. Shen, D. Chen, R. Kong, and S. Lei,
“Self-assembled ZnO 3D flowerlike nanostructures,” Materials
Letters, vol. 60, no. 20, pp. 2530–2533, 2006.

[11] T. Ghoshal, S. Kar, J. Ghatak, and S. Chaudhuri, “ZnO
nanocones: solvothermal synthesis and photoluminescence
properties,” Materials Research Bulletin, vol. 43, no. 8-9, pp.
2228–2238, 2008.

[12] S. C. Lyu, Y. Zhang, H. Ruh, et al., “Low temperature growth
and photoluminescence of well-aligned zinc oxide nanowires,”
Chemical Physics Letters, vol. 363, no. 1-2, pp. 134–138, 2002.

[13] J.-J. Wu and S.-C. Liu, “Catalyst-free growth and characteri-
zation of ZnO nanorods,” Journal of Physical Chemistry B, vol.
106, no. 37, pp. 9546–9551, 2002.

[14] M. C. Newton and P. A. Warburton, “ZnO tetrapod nanocrys-
tals,” Materials Today, vol. 10, no. 5, pp. 50–54, 2007.

[15] M. Muruganandham and J. J. Wu, “Synthesis, characterization
and catalytic activity of easily recyclable zinc oxide nanobun-
dles,” Applied Catalysis B, vol. 80, no. 1-2, pp. 32–41, 2008.

[16] H. Yan, R. He, J. Johnson, M. Law, R. J. Saykally, and P. Yang,
“Dendritic nanowire ultraviolet laser array,” Journal of the
American Chemical Society, vol. 125, no. 16, pp. 4728–4729,
2003.

[17] Y. Y. Tay, S. Li, F. Boey, Y. H. Cheng, and M. H. Liang, “Growth
mechanism of spherical ZnO nanostructures synthesized via
colloid chemistry,” Physica B, vol. 394, no. 2, pp. 372–376,
2007.

[18] Z. R. Tian, J. A. Voigt, J. Liu, B. Mckenzie, and M. J.
Mcdermott, “Biomimetic arrays of oriented helical ZnO
nanorods and columns,” Journal of the American Chemical
Society, vol. 124, no. 44, pp. 12954–12955, 2002.

[19] S. A. Morin, F. F. Amos, and S. Jin, “Biomimetic assembly of
zinc oxide nanorods onto flexible polymers,” Journal of the
American Chemical Society, vol. 129, no. 45, pp. 13776–13777,
2007.

[20] L. P. Bauermann, A. D. Campo, J. Bill, and F. Aldinger,
“Heterogeneous nucleation of ZnO using gelatin as the
organic matrix,” Chemistry of Materials, vol. 18, no. 8, pp.
2016–2020, 2006.

[21] Q. Dong, H. Su, J. Xu, D. Zhang, and R. Wang, “Synthesis
of biomorphic ZnO interwoven microfibers using eggshell
membrane as the biotemplate,” Materials Letters, vol. 61, no.
13, pp. 2714–2717, 2007.
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The nanoscale indium tin oxide (ITO) particles are synthesied by liquid phase coprecipitation method under given conditions with
solution of indium chloride, tin chloride, and ammonia. The absolute ethyl alcohol or deionized water was used as solvent and the
dodecylamine or hexadecylamine surfactant was used as a dispersant in the reaction system. The sample powder was characterized
by X-ray diffraction (XRD), transmission electron microscopy (TEM), and high-resolution electron microscopy (HRTEM). Based
on the transmission electron micrograph, the influences of the two different solvents and the two different dispersants on the
nanoparticle size and dispersion were studied, respectively. The results showed that the ITO particles are finely crystallized body-
centered cubic structure. The particle size has distributed in 30 nm to 90 nm.

1. Introduction

Tin-doped indium oxide (Indium tin oxide, ITO), a kind
of n-type semiconductor material, has a wide forbidden
band(3.3 eV to 4.3 eV). Indium tin oxide thin film has
high transparency in the visible light region and lower
electric resistivity [1, 2]. It has been used as electrodes in
manufacturing of solar cells, flat panel displays, and gas
sensors. The tradition deposition techniques of ITO film are
DC sputtering, RF sputtering, or electron beam evaporation.
It is the first step to fabricate indium and tin alloy target
or ITO ceramic target. Afterwards the target is sputtered
to glass substrate by the controlled electron beam. These
techniques need costly equipments, and the utilization rate
of the target materials is as low as 20% [3]. Because indium
is a rare metal, it is necessary to explore a new route to
deposit ITO thin film with high-Indium utilization rate.
The synthesis nanoparticles of metal oxide from aqueous
solutions and deposition thin films at low temperatures is
an important way for preparation of transparent conductive
film [4]. Dip-coating or spray deposition of light transparent,
good conductive, and low-membrane resistant ITO film
has been studied by the researchers [5–7]. The fabrication

of ITO nanoparticle is important in emulsion (so-called
“ink”) preparation for spray deposition or dip-coating ITO
film. The ITO thin film’s quality is related to the size and
morphology of the nanoparticles. With the development of
nanometer material research, several kinds of preparation
methods for nanosized ITO emerged. The current methods
for nanometer indium tin oxide preparation mainly include
solid-phase method, liquid-phase method, and gas-phase
method [8–10].

The liquid-phase method, with the advantages of simple
operation and controllable granularity, can realize the atomic
scale level of mixing. The doping of components achieves
easily, and the nanoscale powder material has high-surface
activity. The liquid-phase methods include liquid phase
precipitation, hydrothermal (high temperature hydrolysis),
Sol-gel (colloidal chemistry), radiation chemical synthesis,
and so forth [11, 12]. In this research, the ITO nanoparticles,
which will be used in spray coating of ITO thin film,
are prepared by liquid-phase coprecipitation with indium
chloride and tin chloride as main raw material. The ITO
nanoparticles were characterized by means of transmis-
sion electron microscopy (TEM), and X-ray diffraction
(XRD).
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2. Experiment Method

2.1. Experiment Process. The synthesis process of ITO
nanoparticle by liquid phase co-precipitation is as follows.
A certain quality of indium chloride (InCl3·4H2O 99%,
Aldrich) and tin chloride (SnCl4·5H2O 99%, Aldrich) was
dissolved in pure deionized water or ethanol, keeping
the ratio of In2O3 : SnO2 = 9 : 1. The concentrations of
InCl3 in solution are 0.1, 0.2, and 0.3 mol/L, respectively.
Certain concentrations (1.25%, 2.50%, and 5.00%, resp.) of
ammonia solutions were made by mixing certain amount of
ammonia (NH3·H2O, 25%) with pure water. The prepared
InCl3 solution was transferred into fixed three-neck flask,
keeping in 303 K to 363 K temperature under electromag-
netic agitation. The ammonia solution was added to the
flask, controlling the stirring speed and testing the pH
value till the required pH value. And a certain amount of
dodecylamine or hexadecylamine (DDA or HDA, Fluka) was
added as dispersant. The precipitate precursor of ITO was
aged a certain time and washed with deionized water and
absolute alcohol for three times, respectively. After washing,
the precipitates were dried for one hour at 353 K. The dried
samples were calcinated for 1, 1.5, and 2 hours at 773 K,
873 K, and 973 K, respectively to get the indium tin oxide
nanopowder by thermal decomposing.

2.2. Characterizing Methods. The morphology and structure
of the prepared nanoparticles were characterized by means
of a transmission electron microscopy (TEM) and X-ray
diffraction (XRD). The microstructure of the ITO samples
were analysed on a Tecnai G2 20 S-TWIN model TEM
with 200 kV acceleration voltage. For TEM analysis, the
sample was dispersed in a few milliliters of tetrahydrofuran
in an ultrasonic bath, and a drop of this dispersion was
placed on a copper grid coated with a carbon film. The
XRD measurements of nanopowder were performed on a
D8 ADVANCE diffractometer with Cu Kα radiation (λ =
1.5418 Å).

3. Results and Discussion

3.1. X-Ray Diffraction of the Nanoparticles. The precursor
precipitate and the calcinated samples were examined by
an X-ray diffractometer (D8 ADVANCE type), respectively
to analyze phase and structure. The XRD patterns are
shown in Figure 1. The XRD pattern of precursor precipitate
prepared in ethyl alcohol solvent is shown in Figure 1(a).
A strong and sharp peak can be seen in Figure 1(a), while
the other diffraction peaks are more weaker. According to
JCPDS calibration (PDF#76-1463), the precursor precipitate
is In(OH)3 with body-centred cubic crystalline structure.
The diffraction peaks are more complicated than the PDF76-
1463 standard. The reason is that maybe there is a certain
amount of Sn(OH)4 in the precursor. The XRD pattern
in Figure 1(b) is the result of calcinating (973 K for 1 h)
sample, which its precursor precipitate was prepared in pure
water solvent. The XRD patterns of samples at different
calcinating temperature (773 K, 873 K, and 973 K) are shown

in Figure 1(c), which their precursors were precipitated in
ethyl alcohol solvent. According to the JCPDS (PDF#06-
0416), the samples in Figures 1(b) and 1(c) are In2O3 powder
with body-centred cubic crystalline structure. Kim, and so
forth, synthesized ITO particle that had hexagonal structure
and cubic structure. As the pH value of coprecipitated
solution was increased, the amount of hexagonal crystal
was decreased. ITO particle with mostly cubic structure was
produced at higher than pH 10 [12]. The ITO particles
that we prepared by co-precipitate method only have cubic
structure. After 793 K, calcinating the diffraction peaks
of the samples are more stronger and sharper, indicating
that the In2O3 crystalline structure is more perfect. The
crystallized characteristic is gradually becoming obvious
with the calcinating temperature increasing from 773 K to
973 K by Figure 1(c). By comparison, it can be seen that
the calcinating temperature plays a more important role
than the calcinating time in improving crystal structure. As
long as there is enough calcinating temperature, the perfect
In2O3 nanocrystal structure can be obtained in a relatively
short period of time. There are no peeks that represent the
tin oxide, and the In2O3 lattice parameter does not change
obviously, indicating that the tin atoms arrange into the
In2O3 crystal lattice.

3.2. The TEM Analysis of ITO Nanoparticles. The particle
size and morphology of the ITO samples were analyzed by
a transmission electron microscopy (TEM, model Tecnai
G2 20 S-TWIN). The TEM photographs of the samples
are illustrated in Figure 2. The TEM photographs of the
samples prepared in ethanol solvent and calcinated at 773 K
and 973 K, respectively are shown in Figures 2(a) and
2(b). The TEM photograph morphology in Figure 2(c)
stands for the sample precipitated in deionized water
solvent and calcinated at 873 K. Comparing Figure 2(a)
with Figure 2(b), it can be seen that at lower calcinating
temperature (773 K), the particles of samples are finer, but
they are more seriously agglomerated. When the thermal
decomposition temperature is higher (973 K), the crystal
size increases obviously and the agglomeration degree
is reduced. The particles appear hexagon or short rod
shapes.

The particle size of indium oxide samples after 773 K◦C
calcination is 30 to 50 nm, and the average particle size is
36.2 nm, basing on the statistics from a group of images. It is
50 to 90 nm after 973 K calcinations, and the average particle
size is 78.3 nm. Comparing Figure 2(b) with Figure 2(c),
it can be seen that although its thermo-decomposing
temperature in Figure 2(b) is higher than Figure 2(c), its
particle size has not grown up significantly, and that
the nanoparticles dispersion has no obvious difference.
Preparing in ethanol solvent does not improve the In2O3

nanoparticle dispersion degree. The high resolution electron
microscopy (HRTEM) image of sample (b) is presented in
Figure 2(d). The selected area electron diffraction (SAED)
pattern is also in the same figure. The ITO nanopar-
ticle is body-center-cubic structure and it crystallized
well.
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Figure 1: The X-ray diffraction patterns of samples. (a) The precursor precipitate, (b) the ITO nanoparticles prepared in deionized water
solvent, (c) the ITO nanoparticles prepared in ethyl alcohol solvent and then decomposed at different temperatures.

3.3. The Particle Size Calculated by Scherrer Equation. The
prepared ITO particles can be calculated by Scherrer equa-
tion, based on the XRD pattern. The Scherrer equation is as
follow:

Dhkl = Kλ

βhkl cos θhkl
, (1)

where Dhkl represents particle size (unit nm) bing perpen-
dicular to (hkl) crystal plane. βhkl is broadening (unit Rad)
of the diffract peak by the grain refinement. θhkl is diffraction
angle of (hkl) crystal plane. λ is the wave length of the X-ray,
where it is 1.5406 Å. K is a constant; its numerical value is
related to defines of the βhkl. K equals to 0.89 when βhkl takes
the half of the broadening of the diffract peak.

The particle size was calculated corresponding to the
(222), (440), and (400) diffract peaks for every diffract
pattern of calcinating samples. The average value of each
sample is listed in Table 1.

Based on the calculated results, the particle size grows up
gradually with the increase of the calcination temperature.
The average particle size becomes 63 nm of 973 K calcinating
from 22 nm of the 773 K calcinating. The calculated results
are compared with the statistics of transmission electron

Table 1: The calculated results of ITO particle size by Scherrer
equation.

Samples at different calcinating
temperature (k)

773 873 973

Average particle size value (nm) 22 44 63

microscope. The particle size of indium tin oxide had been
statistically analyzed by TEM images as in Figures 2(a)
and 2(b), which the calcinating temperatures were 773 K
and 973 K, respectively. The particle size of indium oxide
samples after 773 K calcination is 30 to 50 nm, and the
average particle size is 36.2 nm. It is 50 to 100 nm after
973 K calcinations, and the average particle size is 78.3 nm.
The particle size from the TEM photograph results is larger
than the calculated results by the Scherrer equation. This is
mainly due to the various factors influence on the accuracy
of particle size Dhkl computed by Scherrer formula, making
the calculated value is less than the TEM measurements.
First of all, if there is lattice imperfection in the crystal, the
broadening of diffraction peak is caused not only by the
grain size refinement but also by the lattice imperfection.
Second, the X-ray diffraction peak is sharp. It is difficult to
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Figure 2: The TEM and HRTEM images of ITO nanoparticles synthesized in different solvents. (a) The absolute ethyl alcohol used as
solvent and the precipitate decomposed at 737 K, (b) the absolute ethyl alcohol used as solvent and the precipitate decomposed at 937 K,
(c) the deionized water used as solvent and the precipitate decomposed at 837 K, (d) the HRTEM photograph and the selective electron
diffraction pattern of sample (b).
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Figure 3: The TEM images of ITO nanoparticles with different dispersants. (a) The dodecylamine surfactant as dispersant, (b) the
hexadecylamine surfactant as dispersant.
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measure the width value accurately, enlarging the calculation
deviation.

3.4. Dispersant Effect on the Morphology and Dispersion of the
ITO Nanoparticles. Two dispersants were used in the exper-
iments, namely, dodecylamine and hexadecylamine. The
dispersion performance of ITO nanoparticle was compared
through the contrast experiment. The ITO nanoparticle
TEM images, which prepared under the same conditions
except using two kinds of dispersant, respectively, are shown
in Figure 3. The ITO nanoparticle TEM photo with dode-
cylamine surfactant as dispersant is in Figure 3(a). While
the ITO nanoparticle TEM photo with hexadecylamine
surfactant as dispersant is in Figure 3(b). It can be observed
from Figure 3 that ITO nanoparticles synthesized with
dodecylamine are not dispersed well, and some particles
are arranged into the long axis orderly. At the same time,
the ITO nanoparticles synthesized with hexadecylamine are
dispersed better than with dodecylamine. The morphology
of ITO nanoparticles either with dodecylamine or with
hexadecylamine as dispersant appears irregular shape. Some
of the particles appear hexagon or short rod shapes.

4. Conclusion

The nanoscale indium tin oxide (ITO) particles are success-
fully synthesized by liquid phase co-precipitation method
under given conditions with reactants of indium chloride,
tin chloride, and ammonia. The absolute ethyl alcohol or
deionized water was used as solvent, and the dodecylamine
or hexadecylamine surfactant was used as a dispersant in the
reaction system. The ITO particles are finely crystallized body
centered cubic structure. The particle size has preferably
dispersivity and distributes in 30 nm to 90 nm.

The dispersivity of ITO nanoparticle does not have
significant difference prepared in absolute ethyl alcohol or
deionized water solvent with hexadecylamine surfactant as
dispersant in the reaction system. At certain conditions,
the dodecylamine surfactant can organise the indium oxide
nanoparticles in lines, but that self-assembly phenomena
needs further study.
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Three novel kinds of hierarchical ZnO nanostructures: nanocombs nanoscrewdrivers and nanonails, have been synthesized in
large quantities via a simple thermal evaporation process in the same run of growth in different regions of the quartz tube.
The morphologies could be well controlled by adjusting the distances between the source materials and the substrates. These
ZnO products were investigated by scanning electron microscopy, X-ray diffraction and Raman spectroscopy. The field emission
properties of the ZnO nanostructures were investigated. These hierarchical ZnO nanostructures may be attractive building blocks
for field emission microelectronic devices and other devices.

1. Introduction

Nanoscale one-dimensional semiconducting materials have
attracted much attention due to their importance in under-
standing the fundamental properties at low dimensionality,
as well as for their applications in nanodevices. As an
important II-VI semiconductor, zinc oxide (ZnO) is of
considerable interest due to its distinguished performance
in electronics, optics, and mechanics. ZnO with a band gap
of 3.37 eV and large exciton binding energy of 60 meV at
room temperature is a key technological material [1, 2]. In
particular, it is expected that they possess a good electron
field emission (FE) property due to their high aspect ratio
and small tip radius of curvature. Intensive investigation
has been carried out over the last several decades on field
emission due to numerous applications such as flat-panel
displays, microwave amplifiers, and vacuum microelectronic
devices. Today, field-emission characteristics of carbon nan-
otubes (CNTs) have been extensively investigated, and there
have been a large number of laboratory work reported [3–5].
However, thermal stability and ambient insensitivity are as
important as the geometric factors to the operation of field
emitters [4]. ZnO exhibits a high melting point, excellent
chemical stability, and negative electron affinity. Therefore, a
ZnO-based 1D structure could be an appropriate alternative

to CNTs for field emission displays. The field-emission
properties for ZnO nanowire arrays [5], tetrapod-like ZnO
nanostructures [6], ZnO nanoneedles [7, 8], and cuboid
zinc oxide nanorods [9] have been attempted recently. In
this paper, the field-emission properties for three kinds of
novel ZnO nanostructures: nanocombs, nanoscrewdrivers,
and nanonails were reported. It must be noted that the
structure determines the properties of a given nanomaterial
with respect to its specific application, so the study on field-
emission behaviors of them is of great interest both from
scientific and technological perspectives.

In this paper, using a simple physical evaporation
method, we synthesized some ZnO nanostructures: ZnO
nanocombs, nanoscrewdrivers, and ZnO nanonails highly
aligned as flowers with single-crystal peculiar hexagon
nanonails. The morphologies could be well controlled by
adjusting the deposition position.

2. Experimental Section

The hierarchical ZnO nanostructures were grown at the
atmospheric pressure by thermal evaporation of the mixture
of ZnO powders and graphite powder (both 99.9%) in a two-
heating-zone furnace system. The distance between the two-
heating-zone was about 50 cm. three n-type (111) Si wafers
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Figure 1: (a) SEM images of ZnO nanocombs grown on silicon
substrate 1, (b) A high-magnified SEM image of ZnO nanocombs.
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Figure 2: (a) SEM images of ZnO nanoscrewdrivers grown on
silicon substrate 2, (b) A high-magnified SEM image of ZnO
nanoscrewdrivers.
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10 kV ×18, 000 1 μm 25 10 SEI
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Figure 3: (a) SEM images of ZnO nanonailS grown on silicon
substrate 3, (b) high-magnified SEM image of ZnO nanonails.

were used as the substrates for deposition. The furnace was
set to the desired temperature (750◦C–1100◦C) and a closed-
end small quartz tube (60 cm in length, 2 cm in diameter),
containing the source material (graphite and ZnO powders
with Moore ratio 1 : 1) and Si substrates, were inserted.
The source materials were placed in the high temperature
heating zone (upstream), and the n-type (111) Si wafers were
placed ordinal in the second heating zone (downstream) to
collect the products. After the system was purged with N2

for 10 min, the system was heated to the desired temperature
at a rate of 10◦C/min and kept at that temperature with
the carrier gas of nitrogen flow rate of 3 L/min. When the
substrates were taken out from the quartz tube after an hour,
we could see gray-white wool-like products on substrates.
The resulting samples were collected for characterization and
measurements.

The morphologies were analyzed using scanning electron
microscopy (SEM), which looks like nanocombs, nanoscrew-
drivers, and nanonails, respectively. Their crystal structure
features were characterized using X-ray diffraction (XRD).
Furthermore, Raman spectra and field emission properties of
them were investigated. Field emission measurements were
performed with diode structure in a vacuum chamber under
a pressure of 5× 10−5 Pa. The synthesized nanocombs nano-
screwdrivers and nanonails (as a cathode) were separated
from a phosphor/ITO/glass anode by two Teflon spacers,
respectively. Through a window of the vacuum chamber,
the distribution of the field emission sites on fluorescent
anode was recorded with a camera. Meanwhile, the emission
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Figure 4: XRD patterns of the three kinds of hierarchical
ZnO nanostructures: nanoscrewdrivers, nanocombs, and nanonails
(from up to down).
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Figure 5: Raman spectrum properties of the three kinds of
hierarchical ZnO nanostructures: nanoscrewdrivers, nanocombs,
and nanonails (from up to down).

current versus voltage curve was measured with standard
electronic instruments after the bias voltage sweeps were
conducted several times for the emitter to reach a stable
emission for each given applied field.

3. Results and Discussion

After thermal evaporation, several self-organized structures
were obtained. Figures show typical SEM images with
different magnifications of the ZnO products obtained at
different regions of the quartz tube.
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Figure 6: FE current density versus electric field (J–E) for the
three kinds of hierarchical ZnO nanostructures: nanoscrewdrivers,
nanocombs, and nanonails (from up to down).

3.1. Nanocombs of ZnO. Figure 1(a) shows the SEM images
of the ribbon/comb structures deposited on Si substrates
1. For each comb, the nanorod branches resembling comb
teeth are distributed on one side of the belt-like stem. The
diameters of the comb teeth range from 80 nm to 200 nm
and their lengths are evenly 10 μm. Some of the neighboring
teeth have been merged into larger ones, as shown in high
magnified Figure 1(b). Noneven teeth are observed in the
premature combs, which are possibly due to differences in
growth temperature. Comb-like structure is believed to be
the result of rapid crystallization at large super saturation,
analogous to the appearance of dendrites crystal in bulk
crystal growth [10]. The formation of our single-sided ZnO
nanocombs may be reasonably explained by the surface
polarity-induced asymmetric growth proposed by Wang et
al. [11].

3.2. Nanoscrewdrivers of ZnO. SEM image in Figure 2(a)
on substrate 2 is an interesting configuration, in which
the hexagonal coaxial rods with two segments of different
diameters stacking each other. The bigger rods look like
screwdrivers with the diameter about 2 μm and the diameter
of the smaller rod is about 200 nm. The length of each pod
is about 20 μm. From the hexagonal symmetry of the coaxial
rod, its growth direction is [0001]. A high-magnified SEM
image is shown in Figure 2(b).

3.3. Nanonails of ZnO. In our experiments, it was found that
the substrate 3 is covered with a large number of nanonails.
These hierarchical structures have been found as shown in
Figure 3(a), which look like flowers in which each coaxial
rod radically grows from one center. The nanonails are well-
distributed as shown in Figure 3(a). The high-magnified
SEM images are shown in Figure 3(b) corresponding. And
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Figure 7: Fluorescence screen images of the field emission of the hierarchical ZnO Nanostructures. (a) is for ZnO nanonails; (b) is for ZnO
nanocombs; (c) is for ZnO nanoscrewdrivers.

Figure 3(b) shows the high-magnification SEM images like
nail morphologies, which indicates clear that the nanos-
tructures are composed of perfect hexagonal prism caps
and prism shafts connected with smaller diameter bottom.
From the hexagonal symmetry of the nanonail, its growth
direction is [0001]. Each nanonail structure is several tens
of nanometers in tail diameter with a perfect hexagonal-
shaped cap about 0.5–1 μm in diameter and 10–20 μm in
length. Further studies are necessary to understand the
morphologies.

These nanostructures of ZnO have similar XRD pattern
as shown in Figure 4. All of the diffraction peaks can
be indexed to the Wurtzite-structured (hexagonal) ZnO
(JCPDS no. 80–0075). No diffraction peaks from other
impurities have been detected. The strong (002) peak of
ZnO wurtzite structure and much weaker (100) and (101)
peaks are due to the imperfect vertical growth of the
nanostructures. The exact growth mechanism undoubtedly
needs further studies.

The Raman spectra of the three different ZnO nanos-
tructures are shown in Figure 5. Raman properties of ZnO
crystals measurements were carried out at room temperature
in a backscattering geometry. In results, the three spectra
have similar shapes drawn in Figure 5. The peaks of ZnO
at ∼331, ∼440, and ∼1000 cm−1 were clearly observed in
Figure 5, with the A1 (TO), E2 (high), and E1 (2LO) vibra-
tion modes of ZnO, respectively [12, 13]. The formation of
hierarchical ZnO nanostructures indicates that complicated
reactions and self-assembled mechanism occurred in the
present experiments. Though it is still not completely clear
what exactly happened during the growth, undoubtedly
deposition temperature plays an important role for these
complicated structures as in the above results.

In our experiments, field emission properties of these
products were investigated. The turn-on and threshold field,
defined as the electric field required to produce a current
density of 1 μA/cm2 and 0.1 mA/cm2, respectively. Current
density versus electric field (J–E) for them are shown in
Figure 6 with the same turn-on field of 8 V/μm, but the
screwdriver-like hexagonal coaxial rods with more keen-
edged nanotips have the lowest threshold field of 12.6 V/μm,
which is attributed to high aspect ratio of the tip of

the screwdriver-like ZnO. Other experimental factors being
equal, the nanostructures with sharper tips are easier to emit
electrons.

Fluorescence screen images of the field emission of
the hierarchical ZnO nanostructures were shown Figure 7.
Figure 7(a) is for ZnO nanonails, Figure 7(b) is for ZnO
nanocombs, and Figure 7(c) is for ZnO nanoscrewdrivers.
The homogeneous emission and high electron emission
spot number per unit area of the nanoscrewdrivers may be
attributed to a large number of emitters on the surface of the
nanoscrewdrivers contributing to emission.

4. Conclusion

In summary, we fabricated ZnO nanocombs, nanoscrew-
drivers, and ZnO nanonails structures by a simple method
of carbon reduction of ZnO in a tube furnace at atmospheric
pressure. Their morphologies are affected by the position of
substrate, but these ZnO nanostructures have similar XRD
pattern and Raman spectra properties.
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We study the field emission characteristics of large-area films of crystalline MoO3 microbelt grown on silicon substrate by thermal
evaporation in air using a commercial infrared sintering furnace. It is found that their turn-on field, threshold field, resistance to
microdischarge and field emission current stability are better than MoO3 nanowires, MoO3 nanobelts and MoO3 nanoflower. In
addition, good uniform distribution of field emission sites can be observed. The physical reasons are explained responsible for such
improvements on field emission characteristics of MoO3 material. These results indicate that large-area MoO3 microbelts may be
suitable for cold-cathode electron source application.

1. Introduction

Molybdenum trioxide, a wide-bandgap n-type semicon-
ductor, has been studied as an interesting photochromic
and electrochromic material with potential application in
information display, sensor device, optoelectronic storage
device, and smart window [1–12]. Recently, various forms
of molybdenum trioxide nanostructure have been reported
to exhibit attractive field characteristics, indicating their
potential application as cold cathode electron emission
material [13–16]. Molybdenum trioxide nanostructures can
be produced under some conditions including solution
method [17], hydrothermal method [13], and thermal evap-
oration [14–16]. The synthesis and the growth mechanism
of MoO3 nanostructures have been investigated [13–21].
Recently, we developed an approach to prepare a large-area
film of MoO3 nano/microstructures. With some degree of
control, we were able to prepare large-area films of MoO3

microbelts in air and on ITO glasses or silicon substrates at
low temperature without catalyst. In particular, the MoO3

microbelt films have been found to exhibit improved field
emission characteristics as compared to those reported for
various MoO3 nanostructures [13–16]. Here we report these
findings and the possible physical reasons.

2. Experimental

Our sample preparation procedure is as below. ITO glasses
or silicon substrates were washed with acetone and then with
alcohol in an ultrasonic cleaner. The whole growth process
was carried out in a commercial infrared sintering furnace,
which comprises 6 temperature zones and their temperatures
can be set to have a value in a range from room temperature
to 1000◦C. In the present study, the temperature in different
zones was set at 200◦C, 200◦C, 350◦C, 700◦C, 700◦C, and
100◦C, respectively. When the temperatures reached the set
values, the substrates (size: 0.45 cm ×0.5 cm) and the quartz
boat containing Mo powders were carried to the set zones
by the transmission belt. With reference to Figure 1, the
evaporation source was placed at the right-hand side of
the 700◦C zone and the three substrates were located at
the positions with the separations between substrate and
source of 27 cm, 32 cm, and 37 cm, respectively. In this
arrangement, Sample 1 with separation 27 cm was in the
350◦C zone, Sample 2 with separation of 32 cm in right hand
side of the 350◦C zone, and Sample 3 with separation of
37 cm in the 200◦C zone. Thus, with reference to Figure 1,
Samples 2 and 3 were in the regions where temperatures were
below 350◦C. The growth time was 60 minutes. Finally, all
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Figure 1: Schematic diagram showing how substrate and evaporation source are arranged inside the furnace.
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Figure 2: (a) The typical SEM image of the MoO3 microbelts, the insets showing high resolution SEM images. (b) XRD spectra of the MoO3

microbelts. (c) TEM image and (d) HRTEM image of a MoO3 microbelt, the inset showing the corresponding SAED pattern.

the temperature zones were allowed to decrease gradually
to room temperature. The substrates appeared white after
deposition. The combination of the large area of each
temperature zone (35 cm × 30 cm) and uniformity in the
temperature inside the zone may be very important to the
development of a large-area film for device application.

3. Results and Discussion

The MoO3 microbelts were characterized by using X-
ray diffraction spectroscopy (D/max 2200 vpc appara-
tus with Cu Kα radiation), scanning electron microscopy
(SEM: Quanta 400 F), and high-resolution transmission
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Figure 3: (a) The J-E plots of the MoO3 microbelt films grown with different separations of substrate and evaporation source, (b) their
corresponding F-N plots.
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Figure 4: Optical images of the site distribution of the MoO3 microbelt films grown with different separation of substrate and evaporation
source: (a) 27 cm, (b) 32 cm, and (c) 37 cm under similar gap fields: (a) E = 5.43 V/μm, (b) E = 5.43 V/μm, (c) E = 5.47 V/μm, the
corresponding substrate areas are 0.45 cm × 0.5 cm, and 0.45 cm × 0.5 cm and 0.45 cm × 0.5 cm, respectively. (The sample area is indicated
by the dashed line.)

electron microscopy (HRTEM: JEM-2010HR). The SEM
image (Figure 2(a)) shows that the average width of MoO3

microbelts is ∼1 μm and their length is up to 10 μm. The
microbelts are straight and their upper ends may be in
the rectangular flat shape or have irregular one with sharp
corners and nanotips as shown in the high resolution SEM
images (insets of Figure 2(a)). The typical XRD pattern
(Figure 2(b)) shows the diffraction peaks can be indexed to
the orthorhombic structure MoO3 with the lattice constants
a = 0.396 nm, b = 1.386 nm, c = 0.37 nm (JCPDS: 5-
0508). Figure 2(c) is the low-magnification TEM image of
the MoO3 microbelts. The high resolution TEM (HRTEM)
image (Figure 2(d)) shows the two sets of parallel fringes
with a spacing of 0.396 nm and 0.37 nm corresponding to

the (100) and (001) planes, respectively. The SAED patterns
(inset of Figure 2(d)) shows that the entire microbelt is single
crystalline with a growth direction of [001].

The field emission measurements of microbelts were
carried out in a vacuum chamber of ∼ 5.0 × 10−7 torr at
room temperature. The substrate with microbelts was first
adhered to the surface of an oxygen-free, high-conductivity
copper disc. A transparent anode, consisting of a quartz
plate 4 cm in diameter and coated with conducting indium
doped tin oxide film, was placed in front of, and parallel
to, the surface of the sample cathode. First, we investigated
how the field emission characteristics of the MoO3 microbelt
film may be affected by the arrangement of substrate and
evaporation source. Figure 3 shows J-E characteristics and
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Figure 5: The typical SEM images (top view) of the MoO3 microbelts with different separations between substrate and evaporation: (a), (d)
27 cm, (b) (e) 32 cm, (c), (f) 37 cm, the corresponding cross-section SEM images are in (g), (h) and (i), respectively.

the corresponding F-N plots of the three samples. Sample
1 has poor emission performance and Samples 2 and 3
show attractive characteristics. The turn-on fields (required
to obtain field emission current of 10 μA/cm2) of Sample
1, 2, and 3 are 4.6, 2.6, and 3.0 V/μm, respectively, and the
threshold fields (required to obtain field emission current
of 10 mA/cm2) of Samples 2 and 3 are 6.4 and 6.5 V/μm,
respectively. Compared to the reports earlier, the best turn-
on field of the film of MoO3 microbelts (2.6 V/μm) is lower
than that of the MoO3 nanowires (3.5 V/μm) [14, 15],
nanobelt (8.7 V/μm) [16], and nanoflower (4.3 V/μm) [13].
This result indicates that the MoO3 microbelt is a good
candidate as cold-cathode material. The good field emission
properties of the samples may be attributed to a number of
factors, and the first may be the field enhancement effect. The

values of field enhancement factor β of the microbelt samples
were calculated by using the F-N formulation [22]

SFN = d
(
ln
(
J/E2

))

d(1/E)
= −6.53× 109φ3/2

β
, (1)

where φ is the work function of the molybdenum trioxide,
SFN is the slope of the F-N plot. The value of the β factor
may be derived by using the above expression provided that
φ is constant. In the calculation, the work function of MoO3,
φ = 5.4 eV [23], is used. From the F-N plots, we obtain
that the values of field enhancement factor β for Samples
1, 2, and 3 are 1822, 4165 and 3861, respectively. The β-
value of Sample 1 is much smaller than that of the other
two samples. Figure 4 shows the optical images of emission
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Figure 6: The optical images of the site distribution of the MoO3 microbelts film (0.5 cm × 0.7 cm) taken under different gap fields: (a)
E = 5.38 V/μm, (b) E = 5.55 V/μm, (c) E = 5.82 V/μm. (The sample area is indicated by the dashed line.)
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Figure 7: The curve of field emission current versus time, showing
good stability of field emission of the MoO3 microbelt film.

site distribution recorded using transparent anode, and it
is found that the emission sites of Samples 2 and 3 are
distributed over the entire sample surface, while for Sample 1
the number of emission sites and their intensity are relatively
low. These differences and similarity may be explained by the
observed morphology features of the samples as seen under
scanning electron microscope. The top-down SEM images
(Figures 5(a) to 5(f)) show that the averaged length of the
MoO3 microbelts of Sample 1 (Figures 5(a) and 5(d)) is
longest compared to that of the other two samples (Figures
5(b), 5(c), 5(e) and 5(f)), but the corresponding cross-
section image (Figure 5(g)) shows that it grows leaning to the
substrate, which is not useful to the field enhancement. On
contrary, the orientation of the MoO3microbelts of Samples
2 and 3 (Figures 5(h) and 5(i)) is almost vertical to the
substrate surface; this can enhance the field at the top ends of
these vertically aligned microbelts, and thus strong emission
from the apexes of these microbelts may be expected. Thus,
these two samples have large β-values. This observation
is in consistence with earlier findings that have revealed

that vertically aligned nanowires have better field emission
properties because of higher field enhancement at the end of
each nanowire [14, 24].

As to the difference between the orientations of the
microbelts of Sample 1 and Samples 2 and 3, a brief
explanation is given below. Because of thermal radiation, the
closer the substrate to the evaporation source is, the higher
temperature the substrate is. When the temperature of the
substrate is higher, the nucleation for microbelt growth is
more difficult in comparison with a lower temperature one.
Thus, the density of microbelts is lower for high temperature
substrate, and when is too low, microbelts cannot support
each other, so they cannot grow vertically to the substrate
surface. This can explain why microbelts of Sample 1 grew
leaning to the substrate, which was placed at the position less
than 27 cm to the source, and was much closer to the source
compared to Samples 2 and 3.

Additionally, we should like to explain why the calculated
β-values are so large. We believe that this is not all
contributed by the geometrical field enhancement. Other
factors may be responsible to this, such as reduction in
surface potential barrier for field emission or hot electron
emission [22]. These are highly possible for field emission
from semiconductors such as MoO3. If these are the cases, we
may have to replace the value of φ with a more realistic value
that reflects the lowering of the surface potential barrier in
the calculation using the F-N formulation. This reduction in
the value of φ can significantly decrease the β-value. But all
these have to be confirmed by further experiments.

Second, using samples grown under the similar condi-
tions described above with separation 32 cm, we found that
the films of MoO3 microbelts are resistant to the effects
of local microdischarge event. Figure 6 shows three optical
images of emission site distributions of one sample taken
under three gap field conditions. One may see that after
the local microdischarge events (Figure 6(b)), the emission
sites distribution was not obviously changed, by comparing
Figures 6(a) and 6(c).

Finally, we observed stable emission of the films over 3
hours time duration. The typical field emission I-t curve is
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shown in Figure 7. No significant decrease of current was
observed and the fluctuation is about 2% at a constant
electric field of 4.47 V/μm for an average emission current
of 330 μA.

4. Conclusion

In summary, we have demonstrated that large-area films of
crystalline MoO3 microbelts may be grown on ITO glasses or
silicon substrates by thermal evaporation in air using a com-
mercial infrared sintering furnace. Their typical turn-on field
as low as 2.6 V/μm and threshold field of 6.4 V/μm are supe-
rior to the values reported for MoO3 nanostructures. Their
field emission performance may be affected by the orienta-
tion of the MoO3 microbelts; the microbelts vertical to the
substrate have a better field emission property. In addition,
the good uniform distribution of emission sites on large-area
samples is also observed. Finally, the MoO3microbelts show
good field emission current stability over time.
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Based on the determination of X-ray powder diffraction, this study aims to investigate the thermal effect on the phase
transformation of microwave-assisted titanate nanotubes (MTNTs). The phase transformation is highly dependent on the
intercalating amount of Na(I) within MTNTs and on the heating atmosphere. In other words, the presence of Na(I) favors the
transformation of TNTs phase into Na2Ti6O13 whereas anatase phase selectively formed in the case of MTNTs with less Na(I)
amount. Furthermore, H2 versus O2 is able to form anatase phase and establish a newly transformation pathway. The photocatalytic
ability of the calcined MTNTs was also evaluated based on the observed rate constant of trichloroethylene degradation. In addition
to anatase phase, the newly phase including Na2Ti6O13 and Ti2O3 with calcined MTNTs is able to photocatalyze trichloroethylene.
MTNTs calcined with the presence of H2 also exhibit a superior photocatalytic performance to P25 TiO2.

1. Introduction

Titanate nanotubes (TNTs) have received engrossing inter-
ests owing to the vast applications including solar cells,
photocatalysis, and electroluminescent hybrid device [1–5].
An overview regarding the fabrication, characterization, and
application of TNTs was also demonstrated in [6]. In spite
of the debate on the formation mechanism and chemical
structure of TNTs, the application of TNT or even its
derivates (nanoparticles and nanorods) on the photocatalytic
field has been emerging [3–5]. Several studies have reported
that TNTs without further treatment have no powerful
photocatalytic ability [3, 4, 7]. Tsai and Teng [3] indicated
that the thermal-treated TNTs versus P25 TiO2 exhibited a
better performance on NO conversion. Similar result was
indicated by Yu et al. [4] in terms of the microstructure of
calcined TNTs. Furthermore, Štengl et al. [7] investigated
the preparation, microstructure characterization, and pho-
tocatalytic activity of sodium titanate nanorods which were
fabricated by using TNTs as materials. The single-crystalline
TiO2 nanorods with highly activity and long-term stability
have also been demonstrated in [8].

Our previous reports have characterized microwave-
assisted TNTs (MTNTs) whose chemical structure was
preferentially assigned for NaxH2−xTi3O7 [5, 9]. The inter-
calation amount of Na(I) within MTNTs increases with
enhancing applied level of irradiation powers during fabri-
cation process [9]. The photocatalytic oxidation of aqueous
ammonia over microwave-induced MTNTs was also exam-
ined recently in [5]. A specific degradation mechanism of
photocatalytic ammonia over MTNTs was also proposed that
the reaction of photocatalytic ammonia was not suffered
from shielding effect. In the present study, the thermal
effects including calcination temperature and atmosphere on
the phase transformation of MTNTs were examined. The
photocatalytic ability of calcined MTNTs towards gaseous
trichloroethylene (TCE) degradation was also investigated.

2. Experimental Section

2.1. Preparation and Thermal Treatment of MTNTs. The
fabrication of MTNTs is described in detail elsewhere
in our previous studies in [5, 9]. In a typical process,
the microwave digestion system (Ethos Touch Control,
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MILESTONE Corporation) with a double-walled consists
of an inner Teflon liner and outer shell of high strength
Ultem polyetherimide, was used. The applied temperature,
power level , as well as treatment time, are programmable
with an integrated computer. The slurry containing 0.6 g
P25 TiO2 and 70 mL 10 N NaOH was treated at 130◦C
for 3 hours under different microwave irradiation powers
of 70, 400, and 700 W which are abbreviated as MTNTs-
70 W, MTNTs-400 W, and MTNTs-700 W, respectively. After
microwave thermal treatment, the resulting powders were
washed by 0.5 N HCl until the pH of slurry achieved 7. The
resulting powders were subsequently washed by deionized
water repeatedly to remove the excess of HCl adhered on the
surface of MTNTs. MTNTs were subsequently obtained after
the filtration and dryied under the vacuum freeze dried for
20 hours (−56◦C; 100∼200 Mtorr). Regarding the thermal
treatment of TNTs, the experiments were conducted in the
tubular oven under the atmospheres of 20% O2/80% N2 and
20% H2/80% N2 at the progressively elevated temperatures
for 3 hours (100, 300, 500, and 700◦C). The ramping rate was
controlled at 2◦C/min. The following powders subsequently
cooled down to room temperature and were characterized by
phase determinations.

2.2. XRPD Determinations of MTNTs. The X-ray powder
diffractometer (XRPD) was employed to determine the
crystalline phases of MTNTs after thermal treatment. The
patterns were recorded from 5 to 70◦ with a scan rate of
2◦/min by Philips X’ Pert Pro MPD which was equipped
with a CuKα X-ray source (λ = 1.5405 Å) operating under
a voltage of 40 kV and a current of 30 mA, respectively.

2.3. Photocatalytic Oxidation of TCE over MTNTs. Batch
experiments of photocatalytic TCE over MTNTs were con-
ducted in a flat-plate photoreactor, which has been described
in detail in our previous publication [10]. MTNTs sample
was coated on a silica board with the normalized concen-
tration of 0.83 mg/cm2. The as-prepared photocatalyst was
deposited on the bottom of the reactor without further
treatment. The initial concentration of TCE was prepared
at 70 ± 2.5μM, and the initial relative humidity and oxygen
concentration were controlled at 25 ± 2.5% and 3.53 mM,
respectively. Illumination provided by three 8W black-light
fluorescent lamps principally emits at 365 nm with the light
intensity of 2.34 ± 0.23 mW/cm2. The concentration of
TCE, under a series of time sequence during photocatalytic
experiments, was quantified via the manual injection into
the gas chromatograph (5890II) equipped with the flame
ionization detector. The photocatalytic ability of TNTs was
quantitatively evaluated by the corresponding observed rate
constants (kobs) of TCE degradation.

3. Results and Discussion

3.1. XRD Determinations on the MTNTs after Thermal
Treatment. XRPD determination was used to investigate the
phase of MTNTs after calcination at increasing temperatures
(100∼700◦C) under the atmosphere of either O2 or H2. In
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Figure 1: XRPD patterns of MTNTs-70W calcined at elevated
temperatures under the atmosphere of (a) 20% O2/80% N2 and (b)
20% H2/80% N2.

the following materials, samples indexed as MTNTsX−Y◦C

represent MTNTs calcined at Y◦C under X atmosphere.
Figures 1–3 show the dependence of phase change of MTNTs
on the heating temperature and atmosphere. Either in the
presence of O2 and H2, no appreciable change of MTNTs
phase was observed as the heating temperature was lower
than 300◦C. In addition, an interesting phenomenon was
observed that the phase transformation of MTNTs-70W
begins at 500◦C whereas no phase change was observed for
MTNTs-700W calcined at the same temperature. According
to our previous report [5, 9], a high level of microwave irra-
diation during fabrication process favors the intercalation of
Na(I) into MTNTs. In other words, the intercalated Na(I)
is advantageous to the stability of MTNTs during thermal
treatment.



Journal of Nanomaterials 3

As for MTNTs-70W, anatase phase dominates for either
MTNTs-70WO2-500◦C (Figure 1(a)) or MTNTs-70WH2-500◦C

(Figure 1(b)), and an increasing temperature results
in the transformation of anatase phase into rutile
phase (TNTs-70WH2-700◦C and MTNTs-70WO2-700◦C). TNTs-
70WH2-700◦C versus MTNTs-70WO2-700◦C exhibits a stronger
intensity of the anatase phase, suggesting that H2 is beneficial
to maintain anatase phase. In the case of MTNTs-400W
(Figure 2), anatase phase along with a trace amount of rutile
phase exists in MTNTs-400WO2-500◦C and an increase in
temperature to 700◦C results in the formation of Na2Ti6O13

at the expense of anatase phase (Figure 2(a)). Comparatively,
TNTs phase still dominates at MTNTs-400WH-500◦C whereas
TNTs-400WH2-700◦C presents the relatively significant
anatase, rutile, and Na2Ti6O13 phase (Figure 2(b)).
This result not only corresponds to the aforementioned
conclusion in that H2 helps to establish anatase phase
within MTNTs but also indicates that O2 provides the
prevailing ability to transform TNTs phase. Regarding the
phase transformation of TNTs-700W, Na2Ti6O13 is the
predominant phase in MTNTs-700WO2-700◦C (Figure 3(a))
whereas Ti2O3 and Na2Ti6O13 with trace anatase phase
appear in the TNTs-700WH2-700◦C (Figure 3(b)). These
results reveal that the presence of H2 leads to a selective
transformation pathway as MTNTs was intercalated with
abounding amount of Na(I).

Usually, for pure anatase TiO2 samples, the rutile phase
starts to appear at ca. 700◦C [11]. Tsai and Teng [3] have also
indicated that the rutile phase arose at 900◦C as far as the
traditional TNTs are concerned. In our study, rutile phase
can be observed as MTNTs were treated at 500◦C under
O2 atmosphere (Figure 1(a)), which suggests that [TiO6]
octahedra are easy to be transformed. This result can be
ascribed to the application of microwave irradiation during
fabrication process of MTNTs. Furthermore, the appearance
of Na2Ti6O13 can be derived from the dehydration of
NaxTi2-xTi2O5 (H2O) and is found to be more abundant for
TNTs washed and suspended under more basic conditions,
that is, more Na(I) was intercalated into TNTs [12, 13].
The demonstration in our result is consistent to the results
of above researches and again confirms that the applied
microwave irradiation favors the intercalation of Na(I) into
MTNTs structure.

3.2. Photocatalytic Oxidation of Gaseous TCE over MTNTs.
Figure 4 demonstrates the dependence of kobs on the
heating temperature and atmosphere. No TCE degraded over
MTNTs without thermal treatment, suggesting that MTNTs
have no powerful ability to TCE degradation. This result
corresponds to the XRPD determination that anatase phase,
a major crystalline phase responsible for organic degrada-
tion, arose at the heating temperature higher than 300◦C.
As for MTNTs-70WO2 and MTNTs-400WO2 (Figure 4(a)),
kobs increase with increasing calcination temperature until
500◦C. A further increase in heating temperature to 700◦C
results in a decrease in kobs. The phenomenon can be ascribed
to the absence or low crystallization of anatase phase as
MTNTs calcined at 700◦C. Na2Ti6O13 phase appearing in
MTNTs-700WO2-700◦C is also effective to the degradation
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Figure 2: XRPD patterns of MTNTs-400W calcined at elevated
temperatures under the atmosphere of (a) 20% O2/ 80% N2 and
(b) 20% H2/80% N2.

of TCE despite the kobs value (0.74 ± 0.15 min−1) is not
excellent. The photocatalytic ability of Na2Ti6O13 can be
attributed to the corresponding tunnel structure, which
provides a number of active sites and has a significant
effect on the efficiency of separation of the irradiated
generated photos [14, 15]. Regarding the MTNTs calcined
under H2 atmosphere (Figure 4(b)), kobs increase with an
increase in calcination temperature no matter which type
of MTNTs was investigated. An interesting result was also
noticed that TNTs-700WH2-700◦C without the presence of
anatase phase has kobs of 3.29 ± 0.27 min−1 (Figure 4(b)).
In other words, Ti2O3 and Na2Ti6O13 are able to photo-
catalyze TCE. Most significantly, MTNTs-70WH2-700◦C and
MTNTs-400WH2-700◦C present superior performances to that
P25 catalysts (6.63±0.18 min−1) do. This result may attribute
to the different pore structure, exhibited crystal phase
of TNTs samples. Further experiments on the pore size
distribution of MTNTs after thermal treatment are under
investigation.
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Figure 3: XRPD patterns of MTNTs-700W calcined at elevated
temperatures under the atmosphere of (a) 20% O2/80% N2 and (b)
20% H2/80% N2.

In addition to the contribution of anatase phase in
the photocatalytic reaction, the photocatalytic ability can
be attributed to the well-known interparticle electron
process (IPET process) [16, 17]. The band gaps between two
coupled semiconductors/crystal phases establish a selective
pathway for irradiated electrons to migrate. This candidate
pathway is able to result in an efficient separation between
irradiated photoholes and photoelectrons. Therefore,
more hydroxyl radicals (OH•) are expected to produce
with IPET process. This effect can be evidenced in terms
of the comparison of kobs between MTNTs-70WH2-500◦C

and MTNTs-70WH2-700◦C. MTNTs-70WH2-500◦C and
MTNTs-70WH2-700◦C exhibit a comparative intensity of
anatase phase (Figure 1(b)) but the degradation of TCE is
better for TNTs-70WH2-700◦C versus TNTs-70WH2-500◦C. This
is owing to the coexistence of anatase and rutile phases in
TNTs-70WH2-700◦C whereas only anatase phase was observed
in TNTs-70WH2-500◦C. The same result was found between
the cases of TNTs-70WH2-700◦C and TNTs-400WH2-700◦C that
TNTs-400WH2-700◦C exhibits diversified phases including
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Figure 4: The dependence of kobs on the MTNTs calcined at the
progressively temperatures (25∼700◦C) under the atmospheres of
20% O2/80% N2 and (b) 20% H2/80% N.

anatase, rutile, and Na2Ti6O13 (Figure 2(b)). However,
despite TNTs-700WH2-700◦C includes four crystal types,
the contribution of IPET process is not manifested since
the prevailing oxidant phase (anatase phase) is weak
(Figure 3(b)).

4. Conclusions

MTNTs with less amount of Na(I) prefer to form anatase
phase after thermal treatment. In contrast, Na2Ti6O13 is a
predominant phase as MTNTs with abounding amount of
Na(I) was thermally treated. The presence of H2 during
thermal treatment establishes a selective crystalline pathway
in which Ti2O3 phase forms for MTNTs with abounding
amount of Na(I). Regarding the TCE degradation over
MTNTs, both the presence of anatase phase and IPET process
contribute to the TCE degradation. Despite not all calcined
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MTNTs are superior to commercial P25 TiO2 in TCE
degradation, MTNTs fabricated via microwave hydrothermal
process exhibit a well-defined behavior during thermal
treatment. We are confident that some insight into the nature
and behavior of MTNTs during thermal treatment can be
useful for designing some novel catalysts.
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The structural transition of ZnO nanowires at high pressures from wurtzite to rocksalt structure has been studied by first-principles
density functional calculations using the SIESTA code. The size effect was studied by calculating a series of nanowires with different
diameters, and the doping effect was studied by ion substitution. It is found that the critical pressure of structural transition for
nanowires is lower than that of the bulk, and it decreases as the diameter of the nanowire decreases. It is also found that Mn doping
can reduce the transition pressure. The size effect and doping effect are discussed in terms of the chemical bonding and energies of
the nanowires.

1. Introduction

It is well known that zinc oxide is a wide band gap (Eg =
3.37 eV) semiconductor with interesting electronic, piezo-
electric, and photoconduting properties. It has a wide range
of applications in electronics, optoelectronics, photovoltaic,
and sensors [1, 2]. One of the research highlights is
the structural transition from the wurtzite (B4) structure
(space group P63mc) to the rocksalt (B1) structure (space
group FM3M) at high pressure. Experimentally, in situ
observations were performed, such as energy dispersive X-
ray diffraction [3–5], Raman scattering [6], and X-ray-
absorption near-edge structure (EXAFS) [7]. At the same
time, theoretical efforts were also made by first-principle
calculation using various methods, such as the early Hartree-
Fock method [8], LDA and GGA [9], and SIC [10].
Recently, the transition path has also been studied [11–13].
Experimental investigations on the phase transformation
of ZnO nano-materials have appeared recently, such as
ZnO nano-particles [14, 15], nanorods [16], nanotubes
[17], and nanocrystalline [18]. Theoretical works on the
structural transition have appeared recently, such as the
phase transformation in ZnO nanowires under tensile load
[19, 20] and the critical dimension for phase transition of
nanowires [21]. However, experimental results about the
structure transition are scattered in a wide range, and far

from conclusive. Theoretical studies on the pressure-induced
phase transitions in ZnO nanomaterials are in the early stage
and further studies are needed.

In this work, the pressure-induced-phase transitions in
ZnO nanowires were investigated by first-principles calcula-
tions, and the size effect and doping effect were investigated.

2. Theoretical Details

First-principles calculations were performed using the
SIESTA package [22, 23] employing pseudopotential and
numeric atomic orbits basis. In the calculation, GGA-PBE
type of exchange correlation functionals and DZP basis set
were used. The mesh cutoff was 400 Ry and Kgrid cutoff
25 Å. The transition pressure is evaluated by calculating
the ground state energy versus cell volume (E∼V) curves.
First, the ground state energy of the fully relaxed unit cell
is calculated. Then, a series of ground state energies are
calculated for unit cells scaled by a set of scale factors. The
parameters regarding the structural transition were obtained
from the common tangent of the E∼V curves of the two
phases, since the enthalpy H = U + PV is minimum for
stable phases in constant pressure systems. The structural
transitions of the bulks are calculated first to serve as a
basis for further comparison. In order to calculate nanowires,
the supercell used in the calculation is a rectangle box
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Figure 1: The cross-section views of the ZnO nanowires, (a) wurtzite, (b) rocksalt structures. The diameter increases from left to right and
the names of the nanowires are shown.
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Figure 2: The calculated E∼V curves of three pairs of ZnO
nanowires.

with a nanowire in the center. The separations between the
nanowires are larger than 10 Å to eliminate the interactions
between the adjacent nanowires. The cross-setions of the
nanowires are shown in Figure 1.

3. Results and Discussion

3.1. Pure ZnO Nanowires with Different Diameters. The
calculated E∼V curves of the three pairs of nanowires are
plotted in Figure 2. To facilitate comparision, the energy and
volume are for each ZnO formula unit. We can see that as the
diameter of the nanowires decreases, the ground state energy
per ZnO unit increases. This is understandable because the
amount of surface atoms and broken bonds increases as
the diameter decreases. The equilibrium volume of rs-ZnO
nanowires is lower than that of wz-ZnO nanowires, as in the
case of bulks. Common tangents are drawn for all the three
pairs of E∼V curves, and the E and V values at each tangent
points, where structural transition occurs, were obtained and
listed in Table 1.

From the obtained energy and volume data at the points
of structural transition, the volume change (ΔV/Vo) and
transition pressure (Ptr) can be calculated. For comparison,
the structure transition of bulk ZnO was calculted using
exactly the same calculation parameters, and all the results
are listed in Table 1. It can be seen clearly that both
the volume change and the transition pressure of ZnO
nanowires are lower than that of the bulk and decrease as
the diameter of the nanowires decreases. Comparing the
experimental transition pressure of 13∼14 and 10.5 GPa for
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Figure 3: The isosurface at 0.06/ ´̊A
2
of wz-ZnO nanowires with different diameters.
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Figure 4: The ground state energy per ZnO formula unit as
functions of surface atom ratio for wurtzite and rocksalt ZnO
nanowires.

nanocrystalline [14, 18], 8.0 GPa for nanorods [16], 11.0 GPa
for nanotube [17], and the theoretical results of 8.2 GPa
for nanowires by molecular dynamics [20], our results are
reasonable.

In order to understand the physical origin of the change
in transition pressures, the structure of the nanowires and
its change with diameter were investigated. From Figure 1,
it can be seen that after geometry relaxation, the positions
of the atoms are moved to form compact surface layers. To
get a more clear view of the picture, the electron density

isosurfaces for the three wz-ZnO nanowires at 0.06/ ´̊A
3

are
shown in Figure 3. It can be seen that connections between
the surface atoms are stronger than those of the inner atoms,
as indicated by the larger open connection circles and thicker
necks between the atoms. Strong surface bonds and weak
core bonds are presented in the ZnO nanowires.

Recently, Ding and Wang observed reconstructed ZnO
surfaces [24], and Zhang and Huang claimed that surface
reconstruction can affect structural transition [21]. In order
to get a clear picture on how the surface layers contribute
to the change of transition pressure, the crystal structure
and bonding in the nanowires were investigated. The lattice

constants along the c axis are 5.350, 5.331, 5.320 and 5.234 Å
for the three nanowires and the bulk, respectively. It is quite
clear that the lattice constant c is larger than that of the bulk
and increases as the diameter decreases. Measurement of the
lattice constants in the cross-section found that the distances
between the core atoms are almost unchanged and those
between the surface atoms are shortened. Thus, the chemical
bonds between the core atoms are weakened and the extent
of the weakness increases as the diameter of the nanowires
decreases, which may lead to the observed results.

There is another factor that is directly related to the
observed phenomena: the dangling bonds of the surface
atoms. The smaller the diameter of the nanowires, the larger
the surface to bulk atom ratio, and resulting in more dangling
bonds. Figure 4 shows the ground state energies of the ZnO
nanowires as functions of surface atomic ratio. It is quite
clear that the ground state energy increases almost linearly as
the surface atomic ratio increases. Dangling bonds dominate
over the close packed reconstructed surfaces in the structure
transformation of ZnO nanowires. From the slopes of the
two curves, it can be seen clearly that the ground state energy
of the wurtzite structure increases much faster than that of
the rocksalt structure, and the energy difference decreases
which directly leads to the decrease of transition pressure.
This can be explained in terms of the bonding characteristics.
The coordinate numbers of ZnO in wurtzite and rocksalt
structures are 4 and 6, and the surface atoms have 1/4 and
1/6 dangling bonds, respectively. Thus the increase in energy
is high for wurtzite structure.

3.2. Mn-Doped ZnO Nanowires. In order to investigate the
effect of doping on the structural transformation of ZnO
nanowires, first-principles calculations were performed on
Mn-doped ZnO nanowires. Doping was realized by substi-
tuting a Zn ion with a Mn ion in the supercell. Favorable
doping sites were selected by calculating the ground state
energies of all the distinct doping sites and searching for the
most stable site. Figure 5 shows the relaxed ball-and-stick
models of the favorable doping site after geometry relaxation.
It can be seen that the favorable dopant sites are near the
surface of the nanowires and distortion induced by doping
can be seen clearly. In the case of rocksalt ZnO nanowries,
distortion due to doping extend to a large area and changes
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Figure 5: The ball-and-stick models of Mn-doped ZnO nanowires after geometrical relaxtion.

Table 1: The calculated results of structural transition of ZnO nanowires.

Subject
Volume (Å

3
)

ΔV/Vo(%)
Energy (eV)

Ptr (Gpa)
rs-ZnO wz-ZnO rs-ZnO wz-ZnO

nw1 19.132 22.097 13.4 −2262.675 −2262.779 5.64

nw2 18.933 22.330 15.2 −2262.777 −2262.912 6.35

nw3 18.785 22.369 16.0 −2262.842 −2263.013 7.63

Bulk 18.804 22.736 17.3 −2263.291 −2262.779 8.92

Table 2: The calculated results of structural transition for Mn-doped ZnO nanowires.

Sample
Volume (Å

3
)

ΔV/Vo
Energy (eV)

Ptr(GPa)
rs-ZnO wz-ZnO rs-ZnO wz-ZnO

Bulk 18.804 22.736 0.173 −2263.291 −2263.510 8.92

nw2 18.933 22.330 0.152 −2262.777 −2262.912 6.35

Mn-nw2 19.045 22.480 0.153 −2229.891 −2230.009 5.51
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Figure 6: The calculated E∼V curves of the pure and Mn-doped
ZnO nanowires.

in bonding can be seen clearly beyond two bonds, while
distortion due to doping is restricted in local area for wurtzite
ZnO due to their bonding characteristics.

A pair of E∼V curves were calculated in the same way
as in the pure ZnO nanowires and were shown in Figure 6.
The results about structural transition are obtained for Mn-
doped ZnO nanowires and listed in Table 2, together with the
results of the pure nanowires and the bulk for comparison. It
can be seen that the critical pressure for structural transition
(Ptr) of Mn doped ZnO nanowires is lower than that of the
pure ones. This is in agreement with experimental results
[25].

The decrease of transition pressure in Mn doped ZnO
nanowires can be explained in terms of the doping energy
affected by bonding characteristics. The elastic energies
induced by doping are different for the two structures. Due
to the ionic bonds and high coordinate number, strain is
extended to a large region in the rocksalt phase, resulting
in a moderate strain energy; meanwhile, due to the covalent
bonds and low coordinate number, strain is concentrated
in a small region for the wurtzite phase, resulting in a high
strain energy. Therefore, relative energy of the two phases
was reduced and the slope of the common tangent of the
two E∼V curves decreased, which leads to the decrease in
transition pressure.



Journal of Nanomaterials 5

4. Conclusions

Study on the transitions of ZnO nanowires from wurtzite
to rocksalt structure at high pressures by first-principles
calculations found that the transition pressure of ZnO
nanowires is lower than that of the bulk, and it decreases as
the diameter of the nanowire decreases. After investigating
the structure and chemical bonds of the nanowires, it is
found that surface reconstruction leads to close-packed
surface layers and sparse core regions. Dangling bonds of the
surface atoms lead to the increase of the ground state energy
and the large increaseing rate of the wurtzite structure caused
the decrease of the transition pressure. Mn doping can reduce
the critical pressure of structural transition, which is due
to the different elastic energies of Mn doping in the two
structures.
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An atom-economical and eco-friendly chemical synthetic route was developed to synthesize wurtzite GaN nanorods by the reaction
of NaNH2 and the as-synthesized orthorhombic GaOOH nanorods in a stainless steel autoclave at 600◦C. The lengths of the GaN
nanorods are in the range of 400–600 nm and the diameters are about 80–150 nm. The process of orthorhombic GaOOH nanorods
transformation into wurtzite GaN nanorods was investigated by powder X-ray diffraction (XRD) and field emission scanning
electron microscope (FESEM), indicating that the GaN product retained essentially the same basic topological morphology in
contrast to that of the GaOOH precursor. It was found that rhombohedral Ga2O3 was the intermediate between the starting
orthorhombic GaOOH precursor and the final wurtzite GaN product. The photoluminescence measurements reveal that the as-
prepared wurtzite GaN nanorods showed strong blue emission.

1. Introduction

GaN, an important III–V semiconductor with a direct band
gap of 3.39 eV at room temperature, has a wide use in
optical devices operating at blue and ultraviolet wavelengths
and in high-temperature electronic devices [1]. The recent
development of commercial blue-light emitters based on
GaN has propelled these materials into the mainstream
of interest. Up to now, many structures of GaN such as
nanowires [2–6], nanorods [7–11], nanobelts [12], and tubes
[13–17] have been successfully synthesized. Many reports
showed that these one-dimensional (1D) structures of GaN
have been grown by many methods, such as chemical vapor
deposition [18], metal-organic chemical vapor deposition
[19], molecular beam epitaxy [20], halide vapor-phase
epitaxy [21], arc discharge [22], magnetron sputtering [23],
chemical thermal-evaporation process [24], etching [25],
and ammonolysis [26–29]. For example, GaN nanowires
were fabricated on Si substrates coated with NiCl2 thin films
using chemical vapor deposition method by evaporating
Ga2O3 powder at 1100◦C in ammonia gas flow [30]. Wurtzite
GaN nanowires were synthesized via sublimation sandwich
method using Ga and NH3 as starting reagents [31].

However, among most of these methods, an atmosphere of
superfluous NH3 is obligatory, which caused air pollution
and waste.

In this paper, we reported an economical and eco-
friendly chemical synthetic method for synthesis wurtzite
GaN nanorods. In detail, the preparation of wurtzite GaN
nanorods involved two steps: first, hydrothermal synthesis of
orthorhombic GaOOH nanorods at 180◦C for 12 hours, and
second, preparation of GaN nanorods using NaNH2 and the
as-prepared orthorhombic GaOOH nanorods as reactants in
a stainless steel autoclave at 600◦C for 5 hours.

2. Experimental Section

2.1. Synthesis of GaOOH Nanorods. In a typical synthesis,
under continually stirring, 0.88 g of GaCl3 (5 mmol) was
dissolved into a mixture of 40 mL of deionized water.
After 5 minutes, 5 mL of sodium hypochlorite solution was
introduced to the above solution. Then the solution was
transferred to a 50 mL Teflon-lined autoclave. The autoclave
was sealed, maintained at 180◦C for 12 hours, and then
allowed to cool to room temperature naturally. The product
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Figure 1: XRD pattern of the as-prepared GaOOH product.

was retrieved by filtration, washed several times with distilled
water, and absolute ethanol, and dried under vacuum at 60◦C
for 6 hours.

2.2. Preparation of GaN Nanorods. 1.03 g (10 mmol) of the
as-prepared GaOOH nanorods and 0.63 g (16 mmol) of
NaNH2 were mixed and then put into a stainless steel
autoclave. The autoclave was maintained at 600◦C for 5 hours
and then cooled to room temperature naturally. A yellow
powder was retrieved by centrifugation, washed several times
with dilute hydrochloric acid, distilled water and absolute
alcohol, and finally dried in a vacuum oven at 60◦C for 6
hours.

2.3. Characterization. Powder X-ray diffraction (XRD) mea-
surements were carried out with a Philips X’Pert diffract-
meter (Cu Kα λ = 1.541874 Å; Nickel filter; 40 kV, 40 mA).
Field emission scanning electron microscope (FESEM)
images were taken on a JEOL JSM-6300F SEM. Transmission
electron microscopy (TEM) images, high-resolution trans-
mission electron microscopy (HRTEM) images, and selected
area electron diffraction (SAED) patterns were performed
on JEOL JEM-2010 microscope operating at 200 kV. The
Raman spectrum was obtained on the JY LABRAM-HR laser
micro-Raman spectrometer with 514.5 nm emission lines.
Photoluminescence (PL) measurements were carried out on
a Perkin-Elmer LS-55 luminescence spectrometer using a
pulsed Xe lamp.

3. Results and Discussion

3.1. Characterization of GaOOH Nanorods. Figure 1 shows
the X-ray diffraction (XRD) pattern of the GaOOH
nanorods. It can be observed that orthorhombic phase of
GaOOH formed in our synthesis. All the reflection peaks can
be indexed as orthorhombic phase of GaOOH (JCPDS PDF
No. 26-0674, a = 4.5 Å, b = 9.75 Å, c = 2.97 Å). No peaks of
impurities were detected.

500 nm
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(b)

2 nm
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(c)

001 021
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(d)

Figure 2: (a) FESEM image, (b) TEM image, (c) HRTEM image,
and (d) corresponding SAED pattern of the as-synthesized orthor-
hombic GaOOH nanorods.

Figure 2(a) shows a typical the field-emission scanning
electron microscopy (FESEM) image of the as-prepared
orthorhombic GaOOH, which clearly exhibits that the
product consists of uniform nanorods with lengths in
the range of 400–600 nm and diameters of about 80–
120 nm. Figure 2(b) is a representative transmission electron
microscopy (TEM) image of the GaOOH product, indicating
that the nanorods are solid structure, about 500 nm in
length. A high-resolution transmission electron microscopy



Journal of Nanomaterials 3

20 30 40 50 60 70 80

2θ (deg)

In
te

n
si

ty
(a

.u
.)

10
0

00
2

10
1

10
2

11
0

10
3

11
2

20
1

20
2

Figure 3: XRD pattern of the as-prepared GaN nanorods.

(HRTEM) image of a single GaOOH nanorod is shown in
Figure 2(c). As can be seen from the image, this nanorod is
structurally uniform single crystal. The observed interplanar
spacing is about 0.485 nm, which corresponds to the separa-
tion between (020) lattice planes of orthorhombic GaOOH.
The corresponding SAED pattern (Figure 2(d)) also indicates
that the as-prepared GaOOH is single crystal and the SAED
spots can be indexed as orthorhombic GaOOH (001), (021)
and (020) planes.

3.2. Characterization of GaN Nanorods. The GaN nanorods
were prepared via a solid-state reaction using NaNH2 and the
as-prepared orthorhombic GaOOH nanorods as reactants in
a stainless steel autoclave. Figure 3 indicates the XRD pattern
of the as-prepared product. All the reflection peaks can be
indexed as wurtzite GaN, which is in good agreement with
the standard data (JCPDS PDF No. 74-0243, a = 3.195 Å,
c = 5.182 Å). No peaks of impurities such as Ga2O3 and
Ga were detected, revealing that the orthorhombic GaOOH
precursor was completely converted into wurtzite GaN under
the experimental conditions.

FESEM, TEM, and HRTEM analyses were used to explore
the morphologies and crystal structures of the as-synthesized
wurtzite GaN nanorods. Figure 4(a) presents a panoramic
FESEM image of the GaN product, indicating that the
nanorods have rough surfaces which consist of densely
packed GaN nanoparticles about 100–200 nm. Figure 4(b) is
a representative TEM image of the GaN nanorods, displaying
that the product is solid structure, about 500 nm in length
and 100 nm in diameter. Figure 4(c) is the HRTEM image,
showing that the crystal planes have lattice spacing of about
0.275 nm corresponding to (100) plane of wurtzite GaN. The
corresponding SAED pattern (Figure 4(d)) also confirmed its
wurtzite structure.

Further study shows that reaction temperature has
a dramatic effect on the formation of GaN nanorods.
When the reaction temperature was lower than 300◦C, the
obtained sample was still orthorhombic phase of GaOOH.
If increases the reaction temperature to 500◦C, the product
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Figure 4: (a) FESEM image, (b) TEM image, (c) HRTEM image,
and (d) corresponding SAED pattern of the as-synthesized wurtzite
GaN nanorods.

was rhombohedral Ga2O3 instead of orthorhombic GaOOH.
This is to say at 500◦C rhombohedral Ga2O3 could not
react with NaNH2 and no wurtzite GaN was obtained.
Pure wurtzite GaN could be obtained when the reaction
temperature was higher than 600◦C. Further study suggests
that varying reaction temperature in the range of 600–700◦C
led to obvious change in the morphologies of wurtzite GaN
products. When the temperature was moderated at 600◦C,
the product was GaN nanorods, while at 700◦C the product
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Figure 5: (a) i, ii, and iii are the XRD patterns of the products shown in (b), (c), and (d), respectively. ((b)–(d)) FESEM images of the
products obtained at 600◦C for 15 minutes, 1 hour, and 5 hours, respectively.
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Figure 6: Raman spectrum of the as-prepared GaN nanorods.

was composed of nanoparticles. All the data show that 600◦C
is the optimal reaction temperature for preparing wurtzite
GaN nanorods.
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Figure 7: Room-temperature photoluminescence (PL) spectrum of
the as-prepared GaN nanorods.

To substantially understand the process of orthorhom-
bic GaOOH nanorods transformation into wurtzite GaN
nanorods, we systematically surveyed the growth process by
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analyzing the samples at different growth stages. Figure 5(a)
exhibits the XRD patterns of the three products obtained at
600◦C for 15 minutes, 1 hour, and 5 hours, indicating that
the three products were rhombohedral structure of Ga2O3

(JCPDS PDF No. 74-1610, a = 4.98 Å, c = 13.43 Å),
rhombohedral Ga2O3 with minor amount of wurtzite GaN,
and wurtzite GaN, respectively.

Figures 5(b)–5(d) show the FESEM images of the
products obtained at 600◦C for 15 minutes, 1 hour, and
5 hours, respectively. As shown in Figure 5(b), when the
reaction was processed at 600◦C for 15 minutes, 1D skeleton
of Ga2O3 with relatively smooth surfaces was obtained.
When the reaction time was increased to 1 hour, the sample
was a mixture of Ga2O3 and GaN. The FESEM image
(Figure 5(c)) indicates that product consists of nanorods
with rough surfaces. Pure GaN could be obtained at 600◦C
for 5 hours. Figure 5(d) displays the FESEM image of the
sample reacting for 5 hours, revealing that GaN nanorods
assembled from small nanoparticles were formed. Based on
the above investigations, the mechanism includes two steps.

(1) In the initial step: the orthorhombic GaOOH na-
norods decomposed into rhombohedral Ga2O3

nanorods without destroying the 1D framework.
As shown in Figure 5(b), the rhombohedral Ga2O3

product is composed of nanorods with lengths in the
range 400–600 nm.

(2) Second step: with reaction time increasing, rhombo-
hedral Ga2O3 nanorods transformed into wurtzite
GaN nanorods via a high-temperature reaction.
When the reaction time was increased to 1 hour,
rhombohedral Ga2O3 with minor amount of
wurtzite of GaN coexisted in the product, and pure
wurtzite GaN could be obtained at 600◦C for 5
hours. Figures 5(c)-5(d) display the FESEM images
of the products obtained at 600◦C for 1 hour and
5 hours, respectively, revealing that the initial 1D
structural motifs were unaffected.

4. Optical Properties Measurement

Figure 6 is the Raman spectrum of the as-prepared GaN
nanorods. The spectrum clearly indicates that Raman peaks
appear at about 254, 425, 568, and 730 cm−1. The first-order
modes at 568 and 730 cm−1 exhibit the feature of red-shifts
compared to values of 570 and 735 cm−1 for bulk GaN, which
is attributed to the nanometer size effect [2]. The second-
order Raman modes at 254 and 425 cm−1 are assigned to the
zone-boundary phonon, activated by crystal imperfections
and finite size effects, and the acoustic overtone of wurtzite
GaN [6, 7].

GaN is one of the most promising optoelectronic semi-
conductors in solid-sate devices and its optical properties
are directly related to its potential applications. The room
temperature photoluminescence (PL) spectrum of the GaN
nanorods recorded with excitation wavelength of 300 nm
is shown in Figure 7. The PL spectrum exhibits a broad
emission band in the range of 2.3–2.9 eV. The blue-emission
band with peak at 2.62 eV is attributed to a variety of

defects [7]. The green-emission bands with peak at 2.29 eV
comes from intrinsic point defects [2, 6]. In a word, the PL
emission displays the presence of a high quantity of defects
in the as-prepared GaN nanorods. The defects, which can
directly serve as radiative centers, may be helpful for electro-
optical properties and extend the potential optical and
optoelectronic application to the field of high-temperature
electron devices.

5. Conclusions

We have demonstrated a convenient chemical route to
synthesize wurtzite GaN nanorods via a solid-state reaction.
The formation of GaN nanorods involves two steps: first, the
orthorhombic GaOOH nanorods decomposed into rhom-
bohedral Ga2O3 nanorods; then the rhombohedral Ga2O3

nanorods transformed into wurtizite GaN nonorods without
destroying the 1D framework. The lengths of the as-obtained
wurtzite GaN are in the range of 400–600 nm and the
diameters are about 100 nm. The photoluminescence (PL)
of GaN nanorods exhibits emission peak in the blue region,
which is possibly attributable to the existence of defect.
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Uniform Gd2O3 : Eu3+ luminescent nanowires were prepared on a large scale by a facile solvothermal method using polyethylene
glycol (PEG-2000) as template and ethanol as solvent; the properties and the structure were characterized. X-ray diffraction (XRD)
patterns and Fourier transform infrared spectrometry (FTIR) showed that the precursors are hexagonal phase Gd(OH)3 crystals,
and the samples calcined at 800◦C are cubic phase Gd2O3. Transmission Electron Microscopy (TEM) images indicated that the
samples are nanowires with a diameter of 30 nm and a length of a few microns. Photoluminescence (PL) spectra showed that the
ratio of 5D0 → 7F2 to 5D0 → 7F1 transition peak of the calcined samples is stronger than that of the precursors, which confirmed
that the color purity of the Gd2O3 : Eu3+ is better than that of the precursors. The as-obtained Gd2O3 : Eu3+ luminescent nanowires
show a strong red emission corresponding to 5D0 → 7F2 transition (610 nm) of Eu3+ under ultraviolet excitation (250 nm), which
have potential application in red-emitting phosphors and field emission display devices.

1. Introduction

Recently, 1D nanomaterials have been attracted much atten-
tion for their unique properties owing to their low dimen-
sion and high surface/volume ratio; therefore, they have
potential applications in fabricating nanoscale electronic,
optoelectronic, and magnetic devices and also provide an
ideal model system to quantized conductance and size effects
[1]. 1D rare earth oxide nanomaterials are a kind of advanced
materials and have extensive applications on the fields of
high-performance luminescent devices, catalysts, and other
functional materials for their special electronic, optical,
and chemical characteristics arising from their 4f electron.
Several strategies have been developed for preparing 1D rare
earth oxide nanomaterials, including template method [2–7],
hydrothermal or solvothermal method [8–18], and chemical
reaction [19–22]. Among these methods, the hydrothermal
or solvothermal techniques are powerful and important
means to synthesize 1D rare earth oxide nanomaterials due
to their great chemical flexibility and synthetic tenability.

As well known, in rare earth oxide luminescence mate-
rials, Europium-doped Gd2O3 phosphor is one of the most
important red-emitting phosphors and has been widely used
in X-ray scintillator materials, high definition projection

televisions, flat panel displays, and photoelectronic apparatus
[23]. Over the past decade, Gd2O3 : Eu3+ nanoparticles had
been investigated extensively [24–27]. When Gd2O3 : Eu3+ is
prepared in the form of one-dimensional nanomaterials such
as nanowires, nanorods or, nanotubes, its application would
be widely extended due to the shape-specific and quantum
confinement effects. However, compared with the study of
Gd2O3 : Eu3+ nanoparticles, there have been few reports
on the synthesis of 1D Gd2O3 : Eu3+ nanomaterials; for
example, Jia et al. [19] had prepared Gd2O3 : Eu3+ nanotubes
via a wet-chemical route and a subsequent heat-treatment.
Li et al. [28] had prepared Gd2O3 : Eu3+ nanowires via AAO
templated method, the method is complex, and the size of the
obtained samples is limited by the template. Zhang et al. [29]
had prepared Gd2O3 : Eu3+ nanorods by surfactant-assisted
hydrothermal method. Liu et al. [30] used MWCNTs as
a template, coating gadolinium compounds on the carbon
nanotube surface, followed by firing the carbon nanotube
to obtain the Gd2O3 : Eu3+ nanotubes, but the MWCNT
template was difficult to remove afterwards. Herein, a large-
scale uniform Gd2O3 : Eu3+ nanowires were successfully
prepared by a simple solvothermal method at the presence
of polyethylene glycol followed by a subsequent calcination
process, and the structure and properties were characterized.
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Figure 1: XRD patterns of the precursors (a) and the samples
annealing at 800◦C (b).

2. Experimental Section

2.1. Preparation. In a typical synthesis, first, 4.5349 g Gd2O3

and 1.7608 g Eu2O3 (purity: 99.99%, Shanghai Yuelong Non-
Ferrous Metals Limited, China) were dissolved in a mini-
mum amount of diluted nitric acid (VHNO3 :VH2O = 1 : 1)
and evaporated to dryness then dissolved in distilled water
to form 0.1 mol·L−1 gadolinium nitrate and 0.05 mol·L−1

europium nitrate solutions.
Secondly, 30 mL absolute ethanol and 12.8 g polyethylene

glycol (PEG, A.R., molecular weight is 2000, Shanghai Linger
Chemical Company, China) were added into the mixture
of a certain amount of Gd(NO3)3 and Eu(NO3)3 solutions
according to the molar ratio of Gd/Eu = 95 : 5, in which
the molar ratio of rare earth ion and the surfactant PEG
is 1 : 2. And then 4 mol·L−1 NaOH was added to adjust
pH of 13; after being stirred for 30 minutes, the mixture
was transferred into a 50 mL autoclave, sealed and heated
at 180◦C for 48 hours. After the autoclave was cooled to
room temperature naturally, the precursors were filtered and
washed with distilled water and absolute ethanol for three
times, respectively. The final white products were obtained
through a heat-treatment at 800◦C in air for 2 hours after
being dried at 80◦C for 2 hours.

2.2. Characterization. The sample crystal structure was
characterized by an Aolong Y-2000 X-ray Diffractometer
(XRD) equipped with a Cu Kα1 radiation source (λ =
0.154056 nm) and Ni filter at a scanning rate of 4◦·min−1

(2θ from 10 to 80◦), X-ray tube voltage and current were
40 kV and 20 mA, respectively, and the step was 0.02◦. FTIR
spectra were measured with Perkin-Elmer 580B Infrared
Spectrophotometer with the KBr pellet technique. The
morphologies of the samples and the selected area electron
diffraction (SAED) pattern were observed using a JEOL
JEM-2010 Transmission Electron Microscopy (TEM), and
the voltage was 160 kV. Photoluminescence (PL) excitation
and emission spectra of the samples were recorded with a
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Figure 2: FTIR spectra of the precursors (a) and the samples
annealing at 800◦C (b).

HITACHI F-4500 Fluorescence Spectrophotometer using a
Xe lamp as the excitation source, the measurement range is
200–800 nm, scanning rate is 1200 nm/min, and step length
is 0.2 nm. All the measurements were performed at room
temperature.

3. Results and Discussion

3.1. XRD Patterns. XRD patterns of the precursors and the
calcined samples are shown in Figure 1, it is noted that
the precursors are well indexed to be a pure hexagonal
phase Gd(OH)3, identical to the reported data in JCPDS
card (83-2037), because the Eu content is low, there are no
peaks of Eu(OH)3, and the cell constants of Gd(OH)3 are
almost not changed. After annealing at the temperature of
800◦C, the intensities and the positions of the peaks are all
changed, and the diffraction peaks are coincided with the
data of JCPDS card of (12-0797), which indicated that the
calcined samples are pure cubic phase Gd2O3. Moreover, it
can be observed that the diffraction peaks of the calcined
samples are very sharp and strong, indicating that the
Gd2O3 samples with high crystallinity are synthesized by this
method.

3.2. FTIR Spectra. Figure 2 shows the FTIR spectra of the
precursors and the calcined samples; from Figure 2(a), the
absorption peak at 3440 cm−1 is due to vibration of –OH in
H2O, and the peaks at 1510 cm−1 and 1390 cm−1 are ascribed
to the vibration of NO3

− [31], which originated from the
residue NO3

− in the sample. The peak near 703 cm−1 is
designed to vibration of Gd–OH, which indicated that the
precursors are Gd(OH)3. From Figure 2(b), it can be seen
that the absorption peaks at 3440 cm−1, 1510 cm−1 and
1390 cm−1 are stronger than those of the precursors; it is
reported that the peaks in the wavelength range of 1400–
1600 come from the carbonate groups and a weak peak at
847 cm−1 is due to the absorption of CO3

2− [32]. Perhaps
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Figure 3: TEM images of the calcined samples ((a), low magnifica-
tion (b), high magnification) with its SAED pattern (c).

the samples absorbed the CO2 and H2O from the atmosphere
during the measurement process and the storage course, and
which led to the overlap of CO3

2− and the residue NO3
−.

The important absorption peak at 547 cm−1 is ascribed
to vibration of Gd–O, suggesting that the Gd(OH)3 had

converted to Gd2O3 after calcinating; this result confirms the
analysis from XRD patterns.

3.3. TEM Images. In order to study the morphology and
the size of the as-prepared Gd2O3 : Eu3+ nanomaterials, the
samples were investigated by TEM, which are shown in
Figures 3(a) and 3(b). It is seen clearly that the samples
comprise wire shapes and are generally well dispersed. The
diameter of the wires is about 30 nm and the length reaches
to micrometer scale. It is also observed that the samples are
smooth and uniform. Figure 3(c) is the corresponding SAED
pattern; one can see the (211), (222), (400), and (440) planes
of the cubic phase Gd2O3, which is in agreement with the
XRD results.

3.4. Photoluminescence Spectra. The uniform Gd2O3 : Eu
nanowires obtained by the solvothermal method exhibit a
strong red emission under short UV irradiation, and the
spectral properties are typical of the well-known Gd2O3 : Eu
[24, 25, 27].

The excitation spectra of the precursors and the samples
calcined at 800◦C are drawn in Figure 4; the monitoring
wavelength is 5D0–7F2 transition at 610 nm of the Eu3+. It is
noted that the excitation peaks of the precursors are weaker
than those of the calcined samples. From the magnified
spectrum of the inset, it is obvious that the strong excitation
peak is near 250 nm, which originated from the charge
transfer band of O2−–Eu3+, and the weak peak near 394 nm is
due to the 7F0 → 5L6 transition of Eu3+. After being calcined
at 800◦C, the excitation spectrum becomes stronger and it
consists of an intense broad band near 232 and 247 nm, the
former is due to the host absorption of Gd2O3, and the latter
is attributed to the charge transfer band (CTB) of O2−–Eu3+

[33]. The weak shoulder at 276 nm superimposed on the
CTB of Eu3+ can be assigned to the 8S–6I transition line of
Gd3+ [34]. The presence of the Gd2O3 host band and Gd3+

excitation line in the excitation spectrum of Eu3+ indicates
that there exists an energy transfer from the Gd2O3 host
band and Gd3+ to the doped Eu3+ [34]. At the same time,
a serious of weak intensity peaks near 314 nm, 394 nm, and
465 nm can be seen, which is supported to the 7F0 → 5H6,
7F0 → 5L6, 7F0 → 5D2 energy level transition of Eu3+

[34, 35].
Figure 5 shows the emission spectra of the precursors

and the calcined samples, the excitation wavelength is the
CTB of Eu3+ at 250 nm. From the magnified spectrum of
the precursors, it can be seen that the emission spectrum
consists of 5D0 → 7Fj ( j = 0, 1, 2) line emissions of Eu3+, the
strongest emission peak is near 610 nm, which corresponds
to the hypersensitive 5D0 → 7F2 transition of Eu3+, and
the line peak at 590 nm is due to 5D0 → 7F1 magnetic
dipole transition, which emits orange red light. After being
calcined at 800◦C, the emission spectrum consists of 5D0,1 →
7FJ (J = 0, 1, 2, 3, 4) line peaks of Eu3+, that is 532 nm
(5D1 → 7F1), 578 nm (5D0 → 7F0), 586, 590, 596 nm
(5D0 → 7F1), 610, 626 nm (5D0 → 7F2), 647 nm (5D0 →
7F3) and 704 nm (5D0 → 7F4) [33–35]. The strongest
emission peak is also at 610 nm (5D0 → 7F2), which is the
characteristic red emission of Eu3+. In contrast to the peak
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Figure 4: Excitation spectra of the precursors and the samples
annealing at 800◦C (the inset is the magnified spectrum of the
precursors).

of 610 nm (5D0 → 7F2), the peak at 590 nm (5D0 → 7F1)
is very weak. According to the selection rules and transition
probabilities, 5D0 → 7F2 electron dipole transition is the
strongest emission when Eu3+ is located at a noninversion
symmetry site. In a site with inversion symmetry the 5D0 →
7F1 magnetic dipole transition is dominant. It is known
that the ratio of 5D0 → 7F2 (red light) to 5D0 → 7F1

(orange red light) can be used to confirm the red color purity
of the phosphors. Comparing the emission spectra of the
precursors with the calcined samples, it is found that the
ratio of 5D0 → 7F2 to 5D0 → 7F1 of the calcined samples
is larger than that of the precursors, which confirmed that as
red luminescence materials, the color purity of Gd2O3 : Eu3+

is superior to that of Gd(OH)3 : Eu3+, and also suggesting
that as luminescence host, Gd2O3 is better than Gd(OH)3.

From the luminescence spectra, one can see that the
intensity of the calcined samples (Gd2O3 : Eu3+) is much
stronger than that of the precursors (Gd(OH)3 : Eu3+);
it is supported that, in the precursors, the –OH group
originated from Gd(OH)3 : Eu3+, absorption surface H2O
and the impurities on the samples’ surface are served as
the quenching center for the luminescent materials, which
decrease the intensity of the precursors. After the annealing
process, the Gd(OH)3 converted to Gd2O3 : Eu3+, and the
impurities dramatically decreased, which resulted in the
increase of the intensity of the calcined samples.

4. Conclusion

In summary, large-scale Gd2O3 : Eu3+ luminescent nanowires
have been successfully synthesized by a facile solvothermal
method and followed by a subsequent heat-treatment. The
morphology, crystal structure, and luminescence properties
were characterized by TEM, XRD, FTIR, and PL. The results
showed that the precursors are hexagonal phase Gd(OH)3

and the calcined samples are pure cubic phase Gd2O3. The
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Figure 5: Emission spectra of the precursors and the samples
annealing at 800◦C (the inset is the magnified spectrum of the
precursors).

as-obtained Gd2O3 : Eu3+ luminescent nanowires have the
diameter of 30 nm and can stretch to micrometer lengths.
The ratio of 5D0 → 7F2 to 5D0 → 7F1 for the intensity of the
calcined sample is stronger than that of the precursors, con-
firming that the color purity of Gd2O3 : Eu3+ is better than
that of Gd(OH)3 : Eu3+ for red phosphors. The as-prepared
Gd2O3 : Eu3+ luminescent nanowires are potentially applied
in red-emitting phosphors and field emission display devices.
This facile method can be used to synthesize other rare earth
oxide luminescence materials.
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Water-soluble Mn-doped ZnSe luminescent nanowires were successfully prepared by hydrothermal method without any heavy
metal ions and toxic reagents. The morphology, composition, and property of the products were investigated. The experimental
results showed that the Mn-doped ZnSe nanowires were single well crystallized and had a zinc blende structure. The average length
of the nanowires was about 2-3 μm, and the diameter was 80 nm. With the increase of Mn2+-doped concentration, the absorbance
peak showed large difference. The UV-vis absorbance spectrum showed that the Mn-doped ZnSe nanowires had a sharp absorption
band appearing at 360 nm. The PL spectrum revealed that the nanowires had two distinct emission bands centered at 432 and
580 nm.

1. Introduction

As biomedical labeling reagents, high-quality colloidal lumi-
nescent semiconductor nanocrystals, such as CdSe, have
attracted much attention because of their apparent, nar-
row, and symmetric photoluminescence, broad and intense
absorption band, and tunable emission peak positions [1, 2].
However, many results indicate that any leakage of cadmium
from the nanocrystals would be toxic and fatal to biological
systems. Some attempts have been made to develop non-
cadmium materials. Transition metal ion-doped quantum
dots (d-dots) can meet this requirement. The sp-d exchange
interaction between the semiconductor and the transition
metal ions induces unique optoelectronic properties [3];
Mn-doped II-VI semiconductors arouse general interest
in particular, [4–6]. As a wide-band-gap material, ZnSe
is suitable for the fabrication of various optoelectronic
devices, biolabeling, and hosts for the formation of doped
nanocrystal [7–9]. Recent researches have been carried out
to explore for the synthesis of transition metal ion-doped
ZnSe nanocrystals such as Cu−, Mn−, and Co-doped ZnSe
nanomaterials. [10–12]

At present, the main method of preparing transition
metal ion-doped ZnSe nanomaterials is colloid chemistry

route. The experiments are typically carried out with high
temperature, toxic, and explosive chemical reagents. In
particular, as-prepared products cannot be directly dispersed
in the water phase due to their hydrophobic surfaces. A
further reaction is needed to achieve the phase transfer for
the aqueous environment. More recently, Nie and his co-
workers [13] developed an alternative method to synthesize
nanocrystals in aqueous solution. On the basis of those and
other encouraging results [14, 15], we recently focused on
the possibilities to synthesize metal ion-doped ZnSe directly
in aqueous solution and explored the impact of system on
morphology and performance of the nanomaterials.

In this paper, we report on the preparation of high-
crystalline Mn-doped ZnSe nanowires (NWs) by a sim-
ple method, solution synthetic methodology using α-
cyclodextrins as stabilizer, and investigated the relationship
between the structures and the properties.

2. Experimental

All chemicals and solvents in our work were commercial
products used as received without further purification. α-
cyclodextrin (α-CD) was a product of Alfa Company, sele-
nium powder (99.95%) was obtained from Beijing Reagent
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Company. Zinc acetate (Zn(OAc)2 · 2H2O), manganese
acetate (Mn(OAc)2 · 4H2O), sodium sulfite, sodium hydrox-
ide (NaOH), sodium citrate, and anhydrous ethanol were
analytical grade and purchased from Beijing Reagent Com-
pany. Deionized water was used throughout all experiments.

The synthesis of ZnSe and Mn-doped ZnSe nanowires
was adapted from a procedure developed for CdSe nanopar-
ticles [16]. A brief description is provided as follows. A total
of 0.2588 g of sodium citrate, 10 mL of 0.04 M Zn(OAc)2

solution and 0.08 mmol Mn(OAc)2 were added to 225 mL of
deionized water. Under the magnetic agitation, 2 g of α–CD
was introduced to the flask. After the pH value was adjusted
to 10 with 1 M NaOH solution, the mixture was purged with
N2 for 30 min. Then 6 mL of 0.05 M Na2SeSO3 solution was
added. When mixed uniformly, the solution was transferred
to the vessel. It was laid to the oven with temperature
180◦C for 4 days. After being naturally cooled to the room
temperature, the mixture was centrifuged at 5000 rpm/min
for 10 minutes and washed several times by deionized water
and absolute ethanol. Having dried in vacuum at 80◦C for 3
hours, the yellow products were obtained.

The transmission electron microscope (TEM) images
were taken by H-800 microscope with an acceleration voltage
of 80 kV. The high-resolution TEM images were obtained
by employing a JEOL 3010 microscopy with a 300 kV
accelerating voltage. Samples for TEM were prepared by
placing a drop of the sample suspension on a copper grid
coated with carbon and were allowed to dry in air. The
samples were characterized by X-ray diffraction (XRD),
with scanning rate 10◦/min, on D/max 2500 VB2+/PC X-
ray diffractometer using graphite monochromatized Cu Kα
radiation (λ = 1.5406 Å). The UV-vis absorbance spectra
were obtained on a Shimadzu UV-3150 spectrophotometer
in the range of 200∼800 nm at room temperature. Optical
densities were kept within 0.2 at the excitation wavelength.
The photoluminescence (PL) spectra of the as-prepared Mn-
doped ZnSe nanomaterials were measured using a Varian
Cary-Eclipse fluorophotometer.

3. Results and Discussion

The XRD patterns of the ZnSe and Mn-doped ZnSe NWs
are displayed in Figure 1. The XRD peaks of the undoped
ZnSe NWs can be well indexed to zinc blende ZnSe crystals
(JCPDS Card No. 37-1463). In the case of Mn-doped ZnSe
NWs synthesized under the same conditions, the peaks are
also indexed to zinc blende ZnSe. However, the main peaks
of (111), (220), and (311) planes move 0.19◦ to the left
because Mn was implanted to ZnSe internal lattice. The peak
intensities at 2θ of ← 31.0◦[(200) plane] and ← 57.0◦[(222)
plane] are markedly increased, which indicates that these
Mn-doped nanowires have more advantages on growth
along the two directions. The peaks which are observed at
← 38.0◦and 49.5◦ match those of wurtzite phase [(102)
plane] and [(103) plane] because the synthesis process is
affected by the introduction of impurity ions Mn2+ into
the host lattice which can significantly affect the reaction
rate, which is reflected by a reduction in the crystal phase
[17].
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Figure 1: XRD patterns of the ZnSe (a) and Mn-doped ZnSe (b)
nanowires.

It is similar to the characters of the Mn-ZnSe nanopar-
ticles reported by Mahamuni and coworkers [18]. A sim-
ilar effect has also been reported for Mn2+-doped ZnSe
nanowires prepared using the high-temperature organo-
metallic synthesis route [19]. The peak at← 34.0◦is observed
that matches those of MnSe [(200) plane] which indicates
that there may be a small amount of MnSe produced.

Figure 2 shows the TEM images for Mn-doped ZnSe
nanowires. The average length is about 2-3 μm. It reveals that
they are all straight and have a smooth surface without any
nanoparticle impurities. Their average diameter is 80 nm.
This result is different from other cases. Colloidal Mn-doped
ZnSe nanomaterials prepared in the solvent of the typical
TOP/ HDA/TOPO system are generally particles with the size
of several nanometers. In an improved method, nanowires
are obtained mostly with the diameter of several nanometers
and length up to 200 nm [17].

The high-resolution TEM image of the nanowires and
corresponding fast Fourier transformed electron diffraction
(FFT ED) pattern are displayed, respectively. From the
further analysis, it was found that the growths of crystal
lattice are clear, even though the nanowires are very thick.
The selected area ED pattern, consisted of discrete and bright
spots, indicating that the nanowires are all typically single
well-crystallized diffraction pattern of ZnSe. The ED pattern
confirms that the zinc blende-structured ZnSe nanowires
grow along the (200) direction. The image shows that the
highly crystalline (200) planes, separated by 2.819 Å, are close
to that of cubic structured ZnSe crystal 2.834 Å.

UV-vis absorption spectra of Mn-doped ZnSe NWs
with different Mn2+-doped concentrations are presented in
Figure 3. An interesting pattern was revealed by this set of
experiments. The absorption peaks of all samples are very
strong. With the increase of Mn2+-doped concentration, the
absorbance shows large difference. The two weak absorption
peaks of 5% Mn-doped ZnSe NWs emerge at 250 nm and
370 nm. While Mn2+-doped concentration is increased to
10%, the location of absorption peak is at 360 nm with
stronger absorption intensity, but the absorption peaks are
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Figure 2: TEM images of the Mn-doped ZnSe nanowires, HRTEM, and its SAED pattern images (inset).
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Figure 3: Absorption spectra of Mn-doped ZnSe with different
Mn2+-doped concentrations (a: 0; b: 5%; c: 10%; d: 20%).

similar with the pure ZnSe except of small red shift when
the doped concentration is 20%. It has been reported that
the transition metal ion-doped semiconductor could form
a doping energy level with the band gap of ZnSe [20]. The
doping concentration could have an influence on optical
properties to a large extent.

In our case, when doping concentration is low (5%), the
content of Mn is inadequate to reduce the band gap of ZnSe
which results in ZnSe characteristic absorption and doped
absorption emerging at the same time. The optimal doping
concentration is 10%. The dopant can serve to retard charge
traps and effectively reduce the band gap within the suitable
concentration. When the doping concentration is too high
(20%), the inconsistency of precipitation reaction may lead
to precipitation separation and dopants failure to enter the
internal lattice [20].

Figure 4 shows the optical absorption feature of Mn-
doped ZnSe NWs (10% Mn2+-doped concentration). A
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Figure 4: Photoluminescence spectrum and the absorption spec-
trum (inset) of Mn-doped ZnSe.

sharp absorption band appears at 360 nm. A red shift in
the absorption band compared with pure ZnSe nanoparticles
[14] suggests that the injected metal ions are isomorphic to
Zn2+ ions and decrease the band gap. The corresponding
luminescence spectrum with 350 nm excitation wavelength
shows signs of two distinct emission bands centered at 432
and 540 nm, respectively. These bands can be assigned to
ZnSe trap state and Mn2+ 4T1 → 6A1 emission. The half-
peak-wide of the highest emission peak is 29 nm, which is
very narrow and almost symmetrical.

Band-edge luminescence and Mn2+-related lumines-
cence are competing processes. The absorption of a photon
leads to the formation of an exciton. Luminescence results
from recombination of the exciton as well as from the energy
transfer to Mn2+ d-d levels. Mn2+ doping clearly leads the
near-band-edge luminescence at 412 nm to the disappear-
ance of, and the manganese orange emission band emerges
at about 580 nm in Mn-doped ZnSe nanowires [18].
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4. Conclusion

In summary, Mn-doped ZnSe nanowires were synthesized by
hydrothermal method using α-cyclodextrins as stabilizer. It
was a convenient, efficient method to obtain the transition
metal ion-doped one-dimensional ZnSe nanomaterial which
can be directly dispersed in the water phase. The average
length of nanowires was about 2-3 μm, and the diameter was
80 nm. Mn-doped ZnSe NWs were indexed to zinc blende
ZnSe crystals. After being doped, the peak of the absorption
spectra of the nanowires appeared at 360 nm, and their
emission band lied at about 580 nm. This method is simple
for synthesizing Mn-doped ZnSe nanowires and provides
a flexible approach for applications of biomedical labeling
reagents.
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One-dimensional (1D) nanostructures, such as tubes, wires, rods, and belts, have aroused remarkable attentions over the past
decade due to a great deal of potential applications, such as data storage, advanced catalyst, and photoelectronic devices . On
the other hand, in comparison with zero-dimensional (0D) nanostructures, the space anisotropy of 1D structures provided a
better model system to study the dependence of electronic transport, optical and mechanical properties on size confinement and
dimensionality. Rare earth (RE) compounds, were intensively applied in luminescent and display devices. It is expected that in
nanosized RE compounds the luminescent quantum efficiency (QE) and display resolution could be improved. In this paper, we
systematically reported the research progress of luminescent properties of RE-doped 1D orthophosphate nanocrystal, including
the synthesis of 1D nanostructures doped with RE ions, local symmetry of host, electronic transition processes, energy transfer
(ET), and so forth.

1. Introduction

It is well known that the reduction of particle size of crys-
talline system can result in remarkable modification of their
properties which are different from those of microsized hosts
because of surface effect and quantum confinement effect of
nanometer materials. In 1994, Bhargava et al. reported that
radiative transition rate of ZnS:Mn nanocrystals increased
five orders in comparison with bulk one [1]. Although this
result was strongly criticized later, the studies on nanosized
luminescent semiconductor attracted great interests [2–6].
RE compounds were extensively applied in luminescence and
display, such as lighting, field emission display (FED), cath-
ode ray tubes (CRT), and plasma display panel (PDP) [7–11].
Lanthanide orthophosphate (LnPO4) belongs to two poly-
morphic types, the monoclinic monazite type (for La to Gd)
and quadratic xenotime type (for Tb to Lu). Due to its high
QE, bulk lanthanide phosphate as an ideal host in fluorescent
lamps, CRT and PDP, has been extensively investigated
[12–14]. It is expected that nanosized RE compounds can
increase luminescent QE and display resolution. To improve

luminescent properties of nanocrystalline phosphors, many
preparation methods have been used, such as solid state reac-
tions, sol-gel techniques, hydroxide precipitation, hydrother-
mal synthesis, spray pyrolysis, laser-heated evaporation, and
combustion synthesis. Currently, the luminescent RE-doped
1D nanocrystals such as LaPO4:RE nanowires [15–19],
Y2O3:RE and La2O3:Eu nanotubes/nanowires [20–25], and
YVO4: Eu nanowires/nanorods [26–28]. have also attracted
considerable interests. 1D structures, such as tubes, wires,
rods, and belts, have aroused remarkable attentions over
past decade due to a great deal of potential applications,
such as data storage [29], advanced catalyst [30], and pho-
toelectronic devices [31]. On the other hand, in comparison
with 0D structures, the space anisotropy of 1D structures
provided a better model system to study the dependence of
electronic transport and optical and mechanical properties
on size confinement and dimensionality [32]. To develop
1D phosphors, a basic question should be answered: could
the photoluminescent properties for 1D nanocrystals be
improved than 0D ones as well as the micrometer materials,
the so-called bulk materials? In this review, we concentrated
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Figure 1: High-resolution spectra of LaPO4:Eu3+ bulk, nanopar-
ticles, and nanowires at 10 K under 266 nm light excitation (delay
time is 50 μs). (J. Phys. Chem. B 2004, 108, 16697; Appl. Phys. Lett.
2004, 85, 470).

on the study progress of photoluminescent properties of RE
ions in phosphate 1D nanocrystals.

2. The Synthesis of Phosphate 1D Nanocrystals
Doped with RE

In 1999, Meyssamy et al. reported the preparation of
LaPO4:Eu3+/Tb3+ nanowires by a hydrothermal method and
studied their luminescent properties for the first time [15].
After then, researchers prepared phosphate 1D nanocrystals
doped with RE ions by different synthesis techniques,
such as hydrothermal method to prepare LaPO4:Ce3+/Eu3+

nanofibers [33], CePO4:Tb3+ colloidal nanocrystals [34],
CePO4:Tb3+/LaPO4 nanowires core-shell structures [35, 36],
and LnPO4 (Ln = RE) nanowires and nanosheets [19]. It
should be noted that these reports mainly emphasize the
morphology control through changing synthesis conditions.
To our knowledge, although LnPO4 1D nanocrystals doped
with RE ions with different shapes were prepared by the
wet chemistry method by many groups, the luminescent
properties, especially electronic transition processes and ET
processes, were not further studied. Our group systemically
reported luminescent characteristics of LnPO4:RE (Ln =
La, Gd) nanowires and nanorods. Song and Yu et al.
systemically and further investigated the LaPO4:Eu3+/Tb3+

nanowires photoluminescent properties in comparison with
0D nanoparticles and bulk materials, especial electronic
transition process and ET.

3. Local Symmetry of Eu3+ in 1D Nanocrystals

Because Eu3+ ions were hypersensitive to local structures,
they can be used as a fluorescent probe to detect the
microstructures surrounding Eu3+ ions. In previous research,
the local environmental around Eu3+ ions in 0D nanopar-
ticles was systematically studied. Many groups reported the
appearance of additional sites of Eu3+ ions in Y2O3 and
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Figure 2: The excitation spectra (left) and emission. (right)
for LaPO4:1%Ce, 2.5%Tb samples. Solid lines and dash dots
represented the microrods and nanowires, respectively. (J. Phys.
Chem. B 2005, 109, 11450).

YBO3 nanoparticles through high-resolution spectra at low
temperature [37–40]. They contributed the origin of addi-
tional sites of Eu3+ doped nanoparticles to the surface effect
because the disorder of atoms at the surface of nanoparticles
increased on comparison with the inside atoms. Although
LnPO4:Eu3+ 1D nanowires/nanorods were prepared and
their basic spectra were researched, the dependence of local
symmetry on shape was not studied. Song and Yu et al.
investigated the microstructures of Eu3+ doped 1D LaPO4

nanowires in contrast with 0D nanoparticles and corre-
sponding micrometer hosts (micrometer particles and rods)
[16, 18, 41]. The LaPO4 nanoparticles, nanowires, and bulk
materials were synthesized by the same synthesis technique,
a hydrothermal method. All samples were at monazite
phase and no additional phases were observed. The size of
LaPO4:Eu3+ nanoparticless is ranging from 10 to 20 nm. The
diameter of LaPO4:Eu3+ nanowires ranges from 10 to 20 nm,
and the length is about several hundreds nanometer. They
observed that the Eu3+ ions locate new site in nanowires due
to shape effect. Figure 1 shows the high-resolution spectra
of LaPO4:Eu3+ nanomaterials and bulk materials at 266 nm
pulsed laser excitation at 10 K. The emission associated with
5D0-7F1 transitions is quite different between nanoparticles
and nanowires at 10 K. In the nanoparticles, three 5D0-7F1

emission lines were observed, locating at 17025 ± 2 cm−1

(L1), 16898 ± 2 cm−1 (L2), and 16815 ± 2 cm−1 (L3),
respectively. In the nanowires, besides the same lines 1–3,
three additional lines 4–6 were observed, locating at 16963
± 2 cm−1 (L4),16758 ± 2 cm−1 (L5), and 16718 ± 2 cm−1

(L6), respectively. The 5D0-7F1 lines in the microparticles are
identical with the nanoparticles. For the microrods, lines 1–
6 were also observed. However, the relative intensity of lines
4–6 becomes weaker in comparison with that in nanowires.
7F1 associated with one site symmetry can split into three



Journal of Nanomaterials 3

Table 1: A list of parameters W1, W10(0) and the internal
luminescent QE at 0 K in different powders.

Parameters nanoparticles nanowires microparticles microrods

W1 (ms−1) 14.9 28.9 17.6 16.5

W10 (ms−1) 24.1 19.7 17.8 18.5

QE 38% 59% 49% 47%

Stark lines in the crystal field. The results in Figure 1 indicate
that in nanoparticles and microrods, the 5D0-7F1 transitions
are from one crystalline site, A, while in nanowires and
microrods, the 5D0-7F1 transitions come from the same site
(L1–L3), A, and an additional site (L4–L6), B. The relative
number of Eu3+ at site B decreases as the powders vary from
the nanowires to the microrods. In the present case, from the
microparticles to the nanoparticles, the ratio of surface to
volume increases greatly, but no additional site is observed.
From the microrods to the nanowires, the ratio of surface to
volume do not increase so much; however, the additional site
B appears and the relative number of Eu3+ at site B changes
greatly. We thus believe that the appearance of the additional
site B is not caused by the surface effect, but by the shape
anisotropy. This is the first time to report that the shape effect
affects the local structures of Eu3+ doped 1D nanocrystals.

4. Electronic Transition Processes and QE of
Eu3+ in LaPO4 1D Nanocrystals

In 0D nanoparticles, many groups reported that the QE and
luminescent intensity of Eu3+ ions decreased in comparison
with the bulk materials due to higher nonradiative transition
rate in nanoparticles [42, 43]. An important problem should
be answered: does the QE of Eu3+ in 1D nanocrystals increase
in contrast with nanoparticles and bulk materials? Song
and Yu et al. systematically studied the electronic transition
processes of Eu3+ in LaPO4 nanowires [16, 18, 41]. The
luminescence QE of 5D1 level of Eu3+ was determined by the
following equation:

τ(T) = 1
W1 + W10(T)

, (1)

where W1 is the radiative transition rate of 5D1 −
∑7

J FJ ,

W10(T) is nonradiative transition rate at a certain temper-
ature, T. According to the theory of multiphonon relaxation,
W10 can be written as

W10(T) =W10(0)(1 + 〈n〉)ΔE10/�ω, (2)

where W10(0) is nonradiative transition rate at 0 K, ΔE10

is the energy separation between 5D1 and 5D0, �ω is the
phonon energy, k is Boltzmann’ constant, and 〈n〉 = 1/
(e�ω/kT − 1) is the phonon occupation number. According
to (1) and (2), the lifetime of 5D1 can be expressed as

τ = 1

W1 + W10(0)[1− exp(−�ω/kT)]−ΔE10/�ω
. (3)

They measured the lifetime of 5D1 level of Eu3+ ions
at different temperatures and obtained the radiative and

5d

Ce3+

4f

5H6

5D3

5D4

Tb3+

7FJ

Defects

Figure 3: Schematic for the ET and luminescence processes in
Ce3+/Tb3+ codoped LaPO4 nanowires and microrods. (J. Phys.
Chem. B 2005, 109, 11450).

nonradiative transition rate by fitting according to (3).
The results were listed in Table 1. It is obvious that the
radiative transitive rate and QE of 5D1 level in nanowires
were higher than that in nanoparticles and bulk crystals.
This result indicates that the 1D nanocrystal-doped RE
ions is ideal phosphors. After then, they also studied the
electronic transition processes of Eu3+ ions in Y2O3 and
La2O3 nanowires [24, 25]. The results indicate that the
radiative transition rate of Eu3+ in oxide nanowires hardly
changes in comparison with the bulk hosts.

5. ET between RE Ions in LaPO4 1D Nanowires

Ce3+ and Tb3+ ions are important RE ions, which have
been applied in blue and green phosphors. The ET processes
between Ce3+ and Tb3+ in some micrometer-sized materials,
such as lanthanum oxybromide [44], aluminate [45], alkaline
earth sulphate [46], and so on, were intensively investigated.
As efficient green phosphors, Ce3+ and Tb3+coactivated
LaPO4 bulk powders were extensively applied to fluorescent
lamps, cathode ray cube (CRT), and plasma display panel
(PDP) due to the high ET efficiency between Ce3+ and
Tb3+ ions [13]. To obtain the efficient green phosphors of
1D LaPO4:Ce3+/Tb3+ nanowires, the electronic transition
and ET processes in 1D nanowires should be studied, and
compared with the corresponding bulk powders. However,
the studies on ET processes between Ce3+ and Tb3+, even
between different RE impurity centers, are rather rare. Song
and Yu et al. fabricated Ce3+and Tb3+ coactivated LaPO4

nanowires as well as the micrometer-sized rods by the
same hydrothermal method [17, 47]. They systematically
studied and compared their electronic transition and ET
processes by the luminescent spectra and dynamics analysis.
Figure 2 shows the excitation and emission spectra of
LaPO4:Ce3+,Tb3+ nanowires and microrods. It is obvious
and important that the luminescent intensity of Tb3+ in
LaPO4:Ce3+,Tb3+ nanowires is much stronger than that in
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Table 2: List of dynamic results of LaPO4:0.01Ce3+, 0.025Tb3+ nanowires and microrods.

Samples Electronic transition rate of Ce3+ (ns−1) Lifetime of Tb3+ (ms) ET (ns−1mol−1)

nanowires 6.3 × 10−2 2.72 0.44

microrods 5.2 × 10−2 2.58 1.30
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Figure 4: Fig. 4 Luminescence emission (λex = 278 nm) spectra of
the dilute colloidal solutions of the Ce0.9Tb0.1PO4 1D nanostruc-
tures (dashed line) and the Ce0.9Tb0.1PO4@LaPO4 1D nanocable
heterostructures (solid). (J. Phys. Chem. B 2008, 109, 14461).

microrods corresponding to the excitation of Ce3+ ions.
It should be noted that the emission of Ce3+ or Tb3+ in
single-doped nanowires is lower than that in microrods.
The dynamic results were listed in Table 2. The dynamic
measurements and analysis indicate that the electronic
transition rate of Ce3+ and Tb3+, the ET rate from Ce3+ to
Tb3+ in Ce3+-Tb3+ codoped LaPO4 nanowires, is lower than
that in microrods. They attributed the increased intensity of
Tb3+ in nanowires to the lower ET efficiency from Tb3+ to
other quench centers, shown in Figure 3. According to the
Eu3+ and Tb3+ doped LaPO4 nanowires, we suggested that
the RE-doped 1D nanowires were ideal nanophosphors. In
addition, we also observed the ET from Gd3+ to Tb3+ in
GdPO4:Tb3+ nanorods [48].

6. The Core Shell Nanostructures of LaPO4

Nanowires Doped with RE

Due to the increased disorder of surface atoms for nanomate-
rials, the nonradiative transition rate of RE-doped nanocrys-
tals will increase. The surface modification can effectively
eliminate the quenching centers at surface of nanocrys-
tal. In 1999, Li et al prepared Y2O3:Eu3+@SiO2/Al2O3

nanoparticles heterostructures and observed the increase
of Eu3+ luminescence [49]. In 2003, Haase prepared the
CePO4:Tb3+/Eu3+@LaPO4 nanoparticles core-shell struc-
tures and observed that the quantum yield of Tb3+ was
increased from 43% to 70% [50, 51]. Lin group systemati-
cally studied 0D nanoparticles doping with RE coated with
SiO2 [52–67]. Recently, 1D nanosized core-shell structures

doped with RE have been reported. Bu et al. reported uni-
form CePO4@LaPO4 and CePO4:Tb3+@LaPO4 1D single-
crystalline nanocable heterostructures with highly enhanced
photoluminescent emission [36]. The resulting 1D single-
crystalline nanocable heterostructures have smooth and
uniform LaPO4 sheaths, which is of great significance in
effectively eliminating surface trap-states and suppressing the
energy quenching in ET processes. The photoluminescence
results for these 1D nanocable heterostructures illustrate
that the uniform LaPO4 sheaths remarkably increase the
luminescent efficiency. Figure 4 shows the emission spectra
of (λex = 278 nm) the dilute colloidal solutions of the
Ce0.9Tb0.1PO4 1D nanostructures (dashed line) and the
Ce0.9Tb0.1PO4@LaPO4 1D nanocable heterostructures (solid
lines). It is obvious that the emission intensity of Tb3+ and
Ce3+ in LaPO4:Ce3+,Tb3+ nanowires coated with LaPO4 is
much high than that in noncoated samples.

Fang et al. also reported that CePO4:Tb3+/LaPO4

core/shell nanowires synthesized by a simple hydrothermal
method, and the resulting 1D core/shell nanostructures
have high photoluminescence efficiency [35]. Until recently,
it has been considered difficult to obtain a nanocrystal
phosphor material with the quantum yield being close to
that of the corresponding bulk material. The novel core/shell
nanostructures, which are more robust than organically
passivated nanowires, may be used as building blocks for
optoelectronic nanodevice applications. CePO4:Tb/LaPO4

core/shell nanowires with high quantum yield would also be
a new class of biomedical labels for ultrasensitive, multicolor,
and multiplexing applications owing to their nontoxicity and
biocompatibility.

In summary, we introduced the recent progresses of
phosphate 1D nanowires doped with RE. We suggest that the
research focus should be the application of 1D nanowires in
biological probe, photonic crystals, optical communication,
etc in future.
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The Co nanowires with different diameters were prepared by pulsed electrodeposition into anodic alumina membranes oxide
templates. The micrographs and crystal structures of nanowires were studied by FE-SEM, TEM, and XRD. Due to their cylindrical
shape, the nanowires exhibit perpendicular anisotropy. The coercivity and loop squareness (Mr/Ms) of Co nanowires depend
strongly on the diameter. Both coercivity and Mr/Ms decrease with increasing wire diameter. The behavior of the nanowires is
explained briefly in terms of localized magnetization reversal.

1. Introduction

Magnetic nanowires have attracted much interest in the
recent years for their potential applications in high-density
magnetic recording devices. To realize these applications,
the structure and the growth direction of nanowires need
to be controlled precisely because the magnetic properties
are related to these [1–3]. The synthesis and control of
the magnetic nanostructure on a large scale is a chal-
lenging issue in the field of material science. One of the
solutions is the method to combine electrodeposition with
template [4]. Template-assisted electrodeposition is usually
advantageous over other “dry” coating technologies due to
its low cost, simple equipment, and large-scale processing
[5]. Magnetic studies involving template synthesized fer-
romagnetic nanowire arrays are mainly focused on low-
density arrays, even single ferromagnetic nanowire arrays
of transition metals [6]. As for high density arrays, usually
the magnetic behavior of very large aspect ratio wires
is comparatively investigated between different metals [7,
8] and crystal structures [9, 10]. Therefore, more studies
involving densely packed arrays are needed to understand
the effect of aspect ratio, packing density on array magnetic
properties, and to improve their potential in data storage
applications.

As we know, cobalt is a hard magnetic material with
tailorable magnetic properties through variation of the struc-
tural parameters. It was demonstrated in hcp Co nanowires
that depending on texture, the shape and magnetocrystal
anisotropies can either compete or add up to yield a partially
controllable effective anisotropy [11, 12]. Highly ordered
Co nanowire arrays with uniform diameter are essential
for studying their properties and application in the high-
density magnetic recording devices in future. Consequently,
it has recently become a popular trend to try to control the
crystal structure and magnetic properties of Co nanowire
arrays by modifying the deposition parameters [13, 14]. In
this study, the different diameters hcp Co nanowire arrays
were fabricated by pulsed electrodeposition into anodic
alumina membranes (AAMs). The magnetic properties of Co
nanowires have also been investigated.

2. Experimental

The AAMs were prepared by a two-step anodization process
[15, 16]. The barrier layer was dissolved in H3PO4 solution
at 30◦C for 30 minutes and the pore diameter of the as-
prepared AAM is about 50 nm. While the AAM with pore
size of 65 nm, 90 nm is obtained by etching in H3PO4

solution at 30◦C for 40 minutes and 60 minutes, respectively.
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Figure 1: FE-SEM images, TEM images, and XRD pattern of Co nanowires.

Finally a layer of Au film (about 200 nm) was sputtered
onto one side of AAM to server as the working electrode.
The pulsed electrodeposition of the Co nanowire arrays was
performed in a two-electrode electrochemical cell controlled
by computer, and a graphite plate was used as the counter
electrode. The typical electrolyte solution contains 0.2 M
CoSO4·7H2O, 40 g/L H3BO3 solution. The PH value of
the electrolyte was adjusted to 5.0 by 1 M NaOH and the
fabrication was performed at 27◦C at the voltage of −3.0 V.
The pulse frequency was 200 Hz (Ton = 3.75 ms, Toff =
1.25 ms).

The X-ray powder diffraction (XRD) pattern of the
nanowire arrays was obtained by an X-ray diffractometer
(D/MAX-rA) with Cu Ka radiation (λ = 1.54178 Å). The
morphologies were observed with field emission scanning
electron microscope (FE-SEM) performed on JEOL JSM-
6700F and a transmission electron microscope (TEM) on H-
800. For the FE-SEM investigation, the sample was immersed
in 3 wt% NaOH solution to partially remove the alumina
template and then washe several times with deionized water.

The TEM specimen was obtained by completely dissolving
the AAM in 5 wt% NaOH solution and then rinsed with
absolute ethanol and immersed in an ultrasonic bath for 8
minutes. A Physical Property Measurement System (PPMS)
was used to measure the hysteresis loops of the samples at
room temperature.

3. Results and Discussion

The Microscopic morphology and XRD pattern of the Co
nanowire arrays are shown in Figure 1. A large-area, high
density, and high-order Co nanowires were liberated from
the AAM and bundled together after partly dissolving the
AAM can be seen. The nanowires is long and continuous,
the surface is smooth, and diameter is uniform. The length of
the nanowires is about 30 μm (Figure 1(a)), and the diameter
is about 65 nm (Figures 1(b) and 1(c)). The aspect ratio
(length/diameter) of the nanowires is about 460. The XRD
pattern of as-prepared Co nanowire arrays is shown in
Figure 1(d). All peaks can be indexed to the hcp phase, and
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Figure 2: The magnetic hysteresis loops for different diameters Co
nanowire arrays of 50 nm (a), 65 nm (b), and 90 nm (c).

match well with the standard diffraction peaks of Co (JCPDF
89-4308). The intensity for (1010) planes is very strong and
higher than others, which indicates that the nanowires have
highly preferential orientation. The diffraction pattern which
is corresponding to the area signed by the arrow can be
indexed to hcp structure, and Co nanowires has a preferred
orientation along the [1010] direction (Figure 1(c)), which is
in consistent with the result of the XRD.

Figure 2 shows the magnetic hysteresis loops for the Co
nanowire arrays with different diameter, and the direction
of the applied magnetic field is either parallel (θ = 0◦,
solid lines) or perpendicular (θ = 90◦, dashed lines) to the
axis of the nanowires. It is worth mentioning that bigger
coercivity and loop squareness (Mr/Ms) (Mr is the remanent
magnetization) indicate a strong magnetic anisotropy. It
can be seen that, as the diameter increases, the Hc (θ =
0◦)/Hc (θ = 90◦) values are 1424/584, 502/396, and 402/349
Oe; the Mr/Ms (θ = 0◦) are 50%, 36.4%, 21.5%, while
Mr/Ms (θ = 90◦) are 20.3%, 15.7%, 9.8%. The results of
the values of coercivity with the diameter of the nanowires
illustrate that the shape anisotropy in the magnetization
process plays an important role, and the easy axis along the
wire (perpendicular to the film plane).

Nanowire magnetization process is generally in three
areas by the following factors [17, 18]: magnetocrystalline
anisotropy, shape anisotropy, and the interaction between
the nanowires. Some works [19, 20] have reported that
the effective anisotropy of the magnetic nanowire arrays
comes from the competition between the magnetocrystalline
anisotropy and the shape anisotropy. For hcp-phase Co,
magnetocrystalline anisotropy energy density K1 = 5 ×
106 erg/cm3 is comparable to the shape anisotropy energy
density πMS

2 = 6.0 × 106 erg/cm3 [10], where MS is
the saturation magnetization of Co. Magnetocrystalline
anisotropy of the hcp Co nanowires will make the magnetic
moment arrange along the c-axis which perpendicular to
the nanowire’s axis in our experiments, but the shape
anisotropy tends to arrange the magnetic moment along
the axis of the nanowires [20]. So the competition between
magnetocrystalline anisotropy and shape anisotropy results
in a relatively weak effective anisotropy along the nanowire’s
axis, which leads to the low coactivity. When the diameter
of the nanowires is small, each magnetic nanowire can
be seen as a single domain magnetic structure. As the
diameter increases, the single domain structure becomes
multidomain. In the magnetization process, single domain
structure of nanowires is through the atomic magnetic
moment rotation to complete. The energy required to
achieve this process than the energy of magnetic domain
movement required is much greater. It makes small diameter
nanowires with large coercivity. In contrast, the multidomain
structure of nanowires is simply by moving magnetic domain
to achieve in the magnetization process. This movement of
energy consumed is small [21], so large diameter nanowire
coercivity is smaller. The Mr/Ms changed by varying diam-
eter is also this reason, when the external magnetic field
becomes zero, the Mr/Ms decreases fast by the interaction of
magnetic domains in the multidomain structure nanowires.
That is the main reason that coercivity and Mr/Ms decrease
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rapidly with increasing wire diameter from 50 nm to
65 nm.

Moreover, with increasing d, in-plane saturation field
decreases (with perpendicular loop becoming more square)
and out-of-plane saturation field dramatically rises (with
parallel loop becoming more sheared). Contrary to square-
like hysteresis loops of isolated (i.e., noninteracting) Co NWs
[22] the parallel hysteresis loops are significantly sheared,
hinting further on the presence of strong magnetostatic
interactions between NWs. Even though the sample with
the thickest wires (d = 90 nm) behaves similar to bulk-
like ferromagnetic thin films, the out-of-plane (in-plane)
coercivity still remains large (small). This can be attributed
to the wire-like nature of the studied films. As the diameter
increases from 65 nm to 90 nm, the coercivity and Mr/Ms
decrease slowly. It should primarily be attributed to the
evolution of magnetic interactions.

4. Conclusions

In summary, densely packed hcp Co nanowire arrays of
varying diameter were obtained via plused electrodeposition
into the pores of AAM. Dependence of magnetic properties
on diameter, that is, aspect ratio, was investigated using
PPMS at room temperature. It was observed that the
magnetization easy axis lies parallel to Co nanowire axis. At
the same time, the magnetic parameters, including coercivity,
squareness, are highly correlated with diameter. So we can
manipulate the magnetic property of Co nanowire arrays by
changing the diameter of the nanowires.
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