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During the past decades, nanocrystals have attracted broad
attention due to their unique shape- and size-dependent
physical and chemical properties that differ drastically
from their bulk counterparts. Hitherto, much effort has
been dedicated to achieving rational controlling over the
morphology, assembly, and related energy applications of
the nanomaterials. Therefore, the ability to manipulate
the morphology, size, and size distribution of inorganic
nanomaterials is still an important goal in modern materials
physics and chemistry. Especially, the world’s demand for
energy supply is causing a dramatic escalation of social and
political unrest. Likewise, the environmental impact of the
global climate change due to the combustion of fossil fuel
is becoming increasingly alarming. These problems compel
us to search for effective routes to build devices that can
supply sustainable energy, with not only high efficiency
but also environmental friendship. One of ways to relieve
the energy crisis is to exploit devices based on renewable
energy sources, such as solar energy and water power. Aiming
at this exploration, the primary stage requires the design
of appropriate strategies for the synthesis of high-quality
nanocrystals with respect to size uniformity and superior
electrochemical performances. As a consequence, we orga-
nize the current special issue for Journal of Nanomaterials
to provide the authors with a platform and readers with
the latest achievements of nanocrystals-related synthesis,
assembly, and energy applications.

One of the papers presents the synthesis of single crys-
talline ZnTe hierarchical nanostructures by a simple thermal
evaporation technology and discussed the corresponding
growth mechanism. Another paper reports the synthesis
of CdSe and CdTe quantum dots (QDs) from the bulk
CdSe and CdTe material by evaporation/cocondensation
using the solvated metal atom dispersion technique and
refined digestive ripening. It is found that PL quantum
yield of CdSe QDs and CdTe QDs upon covering with a
ZnS shell was greatly enhanced. Another paper presents
that nanosize TiB whiskers were successfully obtained by
micropyretic synthesis which is considered as the one of the
novel energy-saving processing techniques. The diffusion-
controlled reaction mechanism was proposed in this study.

One more paper presents the progress of TiO2 nanocrys-
tals doped with rare earth ions in the aspect of nano-
optic and photocatalytic properties. Another paper presents
a search article in which ZnO nanoparticles were successfully
synthesized at room temperature via mechanical milling,
and the quantum size effect was interpreted in terms of
absorption and PL spectra. An additional paper presents
that ZnO micro-/nanocombs have been successfully synthe-
sized on Cu substrate using a highly repeatable catalyst-
free chemical vapor deposition method. The cathodolu-
minescence spectrum was also measured on an individual
ZnO comb and only a broad strong green emission band
was observed. Another paper presents that mesoporous
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nanosheets of single-crystalline Ni(OH)2 were successfully
prepared via a facile hydrothermal method. Furthermore,
single-crystalline NiO mesoporous nanosheets were also
obtained through a thermal decomposition of the obtained
Ni(OH)2. Another paper presents that BaSn(OH)6 nanorods
were synthesized via a novel two-step technique involving the
preparation of precursor Na2Sn(OH)6 crystals in aqueous
solution via hydrothermal method and the ion-exchange
reaction between Na2Sn(OH)6 crystals and Ba2+ solution
that followed, assisted by ultrasonic treatment. In addition,
the powder BaSnO3 has been obtained by thermal treatment
using BaSn(OH)6 nanorods as precursor. The ninth paper
presents a microwave plasma synthesis of orthorhombic α-
MoO3 microplates with photoluminescence in a wavelength
range of 430–440 nm.

One more paper presents that various copper hierarchical
structures assisted by surfactants were successfully fabricated
combined with the electrodeposition technique and the
possible formation mechanism of the copper hierarchi-
cal structures with various morphologies was discussed.
Another paper presents that multicomponent Mg-based
nano-quasicrystals were directly prepared through a simple
route by using a water-cooled wedge-shaped copper mould.

An additional paper describes the research results on
nanometers sizes subwavelength nanostructure fabrication
by UV-curing of special nanocomposite material with self-
organization and light self-focusing effects. Obtained results
will be useful for diffraction limit overcoming in projection
lithography as well as for deep lithography technique.
Another paper presents that ionogels were prepared by
ultrasonic-assisted sol-gel process and it has been found that
ultrasonic irradiation affected the gelation dynamics and
kinetics in pore parameters and vibrational properties of the
IL.
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In the past decades, TiO2 nanocrystals (NCs) have been widely studied in the fields of photoelectric devices, optical
communication, and environment for their stability in aqueous solution, being nontoxic, cheapness, and so on. Among the three
crystalline phases of TiO2, anatase TiO2 NCs are the best crystallized phase of solar energy conversion. However, the disadvantages
of high band gap energy (3.2 ev) and the long lifetime of photogenerated electrons and holes limit its photocatalytic activity
severely. Therefore, TiO2 NCs doped with metal ions is available way to inhibit the transformation from anatase to rutile. Besides,
these metal ions will concentrate on the surface of TiO2 NCs. All above can enhance the photoactivity of TiO2 NCs. In this paper,
we mainly outlined the different characterization brought about in the aspect of nanooptics and photocatalytics due to metal ions
added in. Also, the paper mainly concentrated on the progress of TiO2 NCs doped with rare earth (RE) ions.

1. Introduction

As one of the most popular semiconductors, TiO2 has
attracted lots of interest for its high photodegradation effi-
ciency, high photocatalytic activity, high stability, and other
advantages [1–4]. Just for these reasons, it has been used
to purify polluted water and air, to solve the environmental
problems, to be host in the field of solar cell and other
relative areas [5, 6]. It is well known that reduction of
particle size of crystalline system can result in remarkable
modification of their physical and chemical properties which
are different from those of microsized materials, as called
bulk, because of surface effect and quantum confinement
effect of nanometer materials. Thus TiO2 NCs have been
one of the research central issues. But TiO2 NCs have the
limits of wide band and the trend to transform to rutile from
anatase, which has a negative effect to the photocatalytic
activity. Some researchers have reported that they could
improve the absorption and photocatalytic activity via dye-
sensitizing, surface deposition with metal or doping with
metal, nonmetal, or their oxides [7–11]. And many nonmetal
ions have been successfully doped, such as S, C, F, N, and B
[8, 12–16]. Although doping such additives could change the
band gap, they will get the oxidative capacity down. Thus,

it cannot degrade the adsorption on the surface of nano-
TiO2 absolutely. In addition, the structure stability is not that
well. Also, doping metal ions to nano-TiO2 has also been
studied extensively, such as Pt and W [17–20]. Particularly,
many studies have been focused on doping RE ions into
TiO2 NCs to improve this situation [21–27]. Because of the
perfect ability of titanium oxide to form complexes with the
f-orbital from RE, it will adsorb foreign ions around the
surface, then enhancing the photocatalytic activity or other
optoelectronic characteristics [27, 28]. Among all the RE
elements, the Eu/Er ions are considered as the best choice for
its excellent physical and chemical performance. The RE ions
will form complexation with RE–O–Ti bond on the inner-
sphere surface. On the one hand, this bond will inhibit the
transformation from anatase to rutile, and on the other hand,
the formed complexation will strengthen the ability to absorb
foreign ions [27]. In addition, the absorption of TiO2 NCs
doped with RE ions may be adjusted from UV to visible light
region because the RE ions have large amounts of energy
levels. So it is very necessary for researchers to explore the
theory and the experimental results on such field. And now
it has been widely known that the photocatalytic reactivity
of titanium dioxide depends on microstructure, particle
size, preparative route, foreign ions, and so forth [29–31].
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In this paper, we introduced the recent development of
nanocrystalline TiO2 doped with RE ions or other additives.

2. The Approaches to Fabricate TiO2 NCs

The synthesis technique can affect nanocrystalline TiO2 on
the structure, purity, morphology, and other qualities. The
soft chemical method, such as sol-gel, hydrothermal method,
has many advantages, such as easy, cheaper, preparation
processes being controlled and has been applied to prepare
TiO2 NCs extensively. The comparison among these methods
was listed in Table 1.

2.1. Hydrothermal Method. The hydrothermal growth of
TiO2 nanowires with using TiO2 powder in a 5–10 M alkali
solution has been extensively applied [33, 34]. However,
these films fabricated by this method are very thin, and
the processing temperature is too high to be large-scale
applications. Still, there are two major controversies about
the chemical structure and formation mechanism in the
hydrothermal process of TiO2 NCs doped with RE ions
[32]. These chemical structures and their lattice parame-
ters are shown in Table 2. The chemical composition of
NaxH2−x Ti3O7 and NaxH2−x Ti2O4(OH) groups are more
acceptable. The replacement of Na+ by H+ during acid
washing and the existence of [TiO6] play a very important
role in forming the TiO2 nanotubes. And rutile is thought
to have a better ability to rearrange than anatase phase. The
TiO2 NCs doped with RE ions are usually formed during the
sol-gel process [35–38]. After annealing at a relatively high
temperature, the RE ions are absorbed on the surface of NCs
or enter into the vacancies of lattice just for the theory of
solid reaction. Doping of RE ions will inhibit the transforma-
tion from anatase to rutile, then it maybe have a high affect
on the TiO2 nanotube growing as thin-and-long state. It is
important and interesting that Tong et al. reported that the
TiO2 NCs-doped Ce4+ ions by hydrothermal method could
effectively improve the photocatalytic activity of TiO2 NCs
under both UV light irradiation and visible light irradiation
due to the important role 4f electron configuration of Ce4+

ions played in interfacial charge transfer and elimination of
electron-hole recombination [39]. Yan et al. thought that
the expansion of the lattice that probably results from the
formation of RE–O–Ti bonds [35]. Also they found that the
percentage of anatase phase in RE-doped TiO2 decreasing
in the order of Nd3+ > Pr3+ > Y3+ > La3+, as is shown in
Table 3, but the degree of red shift increases in the order
of La3+ < Pr3+ < Nd3+ < Y3+-doped samples, in contrast
with the ion radii of RE. We can conclude, the doping of RE
ion will cause the energy transfer with TiO2 conduction or
valence band, which will lead red shift due to the transition
of the electrons situated in the inner 4f orbital to the 5d
orbital (4f-5d transition) or to other 4s orbital (f-f transition)
[40]. The applied temperature, treatment time, the type of
alkali solution, and the Ti precursor during the hydrothermal
treatment [32] are considered as the predominant factors
affecting the fabrication of TiO2 doped with RE. So the study
on how the RE ions affect the formation of TiO2 associating

with these factors above is very necessary to put the TiO2 NCs
into actual application.

2.2. Sol-Gel Synthesis. Sol-gel approach is one of the most
practical manners to prepare inorganic materials for its
simpleness and low cost. And we can acquire nanoparticles
with dimensions ranging from 5 to 100 nm. The material
obtained by this method shows many desirable properties
such as high surface area, high homogeneity [41–43]. But
because the precursor has a so high reactivity that it is hard
to control the structure development during the hydrolysis
and condensation, which makes it difficult to fabricate
monolithic TiO2 NCs [44–48]. Chen et al. have reported
C-, N-modified porous monolithic TiO2 NCs through sol-
gel technique with average particle size of 7.8 nm [48].
And the reaction rate of decolorization of methyl orange is
0.0026 min−1, which proves that the ratio of the precursors
plays an important role in the structure and photo activity.
Moreover, Zeng et al. had prepared Eu : TiO2 with a strong
photoluminescence emission with the average particle size
of 13 nm [49]. As for the RE ions, it is often doped into
the solution of precursor in the form of nitrate or chloride.
After several hours of stirring, we can obtain transparent sol
with RE. Then the sample must be annealing at a certain
temperature for a certain period to ensure Ln(III)-TiO2 NCs
obtained. Stengl et al. studied the affects of RE (La, Ce, Pr,
Nd, Sm, Eu, Dy, Gd) on the physical and chemical properties
of titania NCs by sol-gel method [50], as is shown in Figure 1.
They found that best photocatalytic properties in visible light
were the TiO2 NCs doped with Nd3+ ions (k = 0.0272 min−1

for UV and 0.0143 min−1 for visible light). Xu et al. also
got the similar result that Gd3+-doped TiO2 showing the
highest reaction activity among all concerned RE-doped
samples (Sm3+-, Ce3+-, Er3+-, Pr3+-, La3+-, and Nd3+-doped
TiO2 NCs catalyst) because of its specific characteristics
[23], which was similar with the result from the study of
El-Bahy et al., who also thought that Gd3+-doped TiO2

NCs are more effective than La3+, Nd3+, Sm3+, Eu3+, and
Yb3+ just because Gd3+/TiO2 NCs have the lowest band
gap and particle size, and also the highest surface area and
pore volume [51]. At the meantime, the conclusion that the
synthesized Eu/TiO2 catalyst exhibits strong red emissions
under excitation wavelength at 394 and 464 nm from the
comparison Eu/TiO2 and Gd/TiO2 by Zhou et al. [52]. As
can be concluded that, the relationship between RE and
luminescent properties or catalytic efficiency needs further
research in the field of TiO2 NCS synthesized by sol-gel
technique.

2.3. Anodic Oxidation Method. Since Grimes and coworkers
first reported the fabrication of titania nanotube array via
anodic oxidation of titanium foil in a fluoride-based solution
in 2001 [53], the studies on precise control and extension
of the nanotube morphology, length and pore size, and
wall thickness [54, 55] have obtained extensive attention.
As is thought that chemical dissolution and electrochemical
etching process play an important role in the conformation
of nanotubes. And the electrolyte used in this system is



Journal of Nanomaterials 3
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Figure 1: SEM images of sample denoted as (a) TiNd 1: 100 g TiOSO4 + 3.15 g Nd, (b) TiSm 1: 100 g TiOSO4 + 3 g Sm(NO3)3, (c) TiCe3 1:
100 g TiOSO4 + 0.25 g Ce2(SO4)3, (d) TiCe4 1: 100 g TiOSO4 + 0.25 g Ce(SO4)2, (e) TiDy 1: 100 g TiOSO4 + 3.10 g Dy2O3, (f) TiEu 1:
100 g TiOSO4 + 6.00 g Eu2O3, (g) TiPr 1: 100 g TiOSO4 + 1.50 g Pr(NO3)3, and (h) TiLa 1: 100 g TiOSO4 + 1 g La(NO3)3. Reprinted with
permission from [50].

always HF or KF, whose concentration has a strong effect on
the dimensions and nanotube arrays [56]. Using the anodic
potential from 10 to 20 V, self-organized TiO2 NCs can be
produced with diameters between 15 nm and 200 nm under
specific electrochemical condition [57, 58]. The pH value of
the electrolyte will also affect the thickness of TiO2 nanotube
layers [58, 59]. Yang et al. used anodization method then
obtained TiO2 nanotube arrays with a high surface area
[60], as seen in Figure 2. It can be seen that the length
and average outer diameter of this nanotube is 680 nm and

80 nm with a length-to-width aspect ratio about 8.5, which
raises the conversion efficiencies to 0.31%, improving surface
activities largely. RE ions are usually added into TiO2 NCs
during the preparation procedure. After heating at 400◦C
for a certain time for decomposing the organic compounds
brought into during the preparation procedure, the samples
are needed to be heated to higher temperature for the
insurance of formation of RE compounds in the layers [61].
Graf et al. successfully prepared the TiO2 doped with cerium
and gadolinium ions in the anodic oxidation method, and
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Table 1: Comparison of current methods in TNT fabrication. Reprinted with permission from [32].

Fabrication method Advantages Disadvantages TNT features

Template-assisted
method

(1) The scale of nanotube can be
moderately controlled by applied
template

(1) Complicated fabrication process
(2) Tube morphology may be
destroyed during fabrication
process

Ordered arrays
(powder form)

Electrochemical
anodic oxidation
method

(1) More desirable for practical
applications
(2) Ordered alignment with high
aspect ratio
(3) Feasible for extensive
applications

(1) Mass production is limited
(2) Rapid formation kinetics is
subjected to the utilization of HF
(3) Highly expense of fabrication
apparatus

Oriented arrays
(thin film)

Hydrothermal
treatment

(1) Easy route to obtain nanotube
morphology
(2) A number of modifications can
be used to enhance the attributes of
titanium nanotubes
(3) Feasible for extensive
applications

(1) Long reaction duration is
needed
(2) Highly concentrated NaOH
must be added
(3) Difficult in achieving uniform
size

Random
alignment
(powder form)

500 nmGlass

FTO

TiO2 nanotube array

Barrier layer

:F-doped SnO2

Figure 2: Schematic diagram of TiO2 nanotube photoanode
architecture and SEM cross-sectional view of sample fabricated by
anodization method. Reprinted with permission from [60].

they found that Gd-doped titanium dioxide showed better
photocatalytic activity than cerium-doped sample possibly
because Gd3+ ions have better stability [62].

2.4. Other Methods. Nowadays, there are also some other
routes to fabricate TiO2 NCs. For example, Liang et al. had
studied the effects brought by doping these ions of La, Y, Yb,
Eu, Dy into TiO2 NCs with the plasma way [63]. And they
found that the effects of pH, sample flow rate and volume,
elution solution, and interfering ions on the separation of
analytes all have influence on the photocatalytic activity. Wu
et al. systematically explored the effects for lanthanum-ions-
doped TiO2 NCs by plasma spray as well [64].

Template-assisted method is one of the most popular
ways to fabricate such material. Attar et al. successfully
prepared well-aligned anatase and rutile TiO2 nanorods and
nanotubes with a diameter of about 80–130 nm via sol-gel
template method [65]. Also, magnetron sputtering method,
electrophoretic deposition (EPD), and many other methods

Table 2: Proposed chemical structures of TNTs and their corre-
sponding lattice parameters. Reprinted with permission from [32].

Chemical structure Lattice parameters

Anatase TiO2
Tetragonal; a = 3.79 nm,
b = 3.79, c = 2.38

N2Ti3O7, Na2Ti3O7,
NaxH2−x Ti3O7

Monoclinic; a = 1.926 nm,
b = 0.378, c = 0.300,
β = 101.45◦

H2Ti2O4 (OH)2, Na2Ti2O4

(OH)2

Orthorhombic;
a = 1.808 nm, b = 0.379,
c = 0.299

HxTi2−x/4 �x/4 O4 (H2O)
Orthorhombic;
a = 0.378 nm, b = 1.874,
c = 0.298

H2Ti4O9 (H2O)
Monoclinic; a = 1.877 nm,
b = 0.375, c = 1.162,
β = 104.6◦

�: Vacancy.

are employed to fabricate TiO2 NCs doped with RE ions
[66–70]. All above methods also could create nanomaterial
with perfect morphology and high photocatalytic activity.

3. The Effect Caused by RE Ions

In this section, we mainly discuss the change of optical
properties and the morphology caused by the RE ions doped
or codoped with RE and other non-RE.

3.1. The Theory of the Effect Caused by RE Ions. The energy
transfer from TiO2 NCs to RE may easily take place since RE
ions have a plenty of energy levels. For example, 5D1 → 7F1,
5D0 → 7F j ( j = 1, 2, 3, 4) transitions of Eu3+ ions will
cause visible luminescence peaking at 543, 598, 620, 665, and
694 nm [71]. In addition, the RE-doped TiO2 NCs almost
have the capacity to enhance photocatalytic activity due to
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Table 3: Structural parameters of rare-earth-doped TiO2 after
template removal. Reprinted with permission from [35].

Sample
Percentage
of anatase

phase

Specific
surface

area
(m2/g)

Modal
pore

diameter
(nm)

Total pore
volume
(cm3/g)

TiO2
−2 83.17 165 1.6 0.11

[0.3%] 95.18 220 1.4 0.14

Nd-doped

TiO2

[0.3%] 90.22 200 1.6 0.15

Pr-doped

TiO2

[0.3%] 86.35 289 1.6 0.11

La-doped

TiO2

[0.3%] 83.71 175 1.4 0.11

Y-doped

TiO2

following properties of as-prepared RE3+/TiO2 composites:
(i) quantum size effect; (ii) unique textural properties
(mesoporosity with larger BET surface areas and pore sizes);
(iii) interesting surface compositions (more hydroxyl oxygen
and adsorbed oxygen and some Ti3+ species existed at the
surface of the products with respect to pure TiO2) [72],
while some thought that the increase in photoactivity is
probably due to the higher adsorption, red shifts to a
longer wavelength, and the increase in the interfacial electron
transfer rate [41, 51].

3.2. The Effect Caused by RE Ions Doped Only. TiO2 NCs
doped with RE ions can concentrate organic pollutants
on the semiconductor surface just because lanthanide ions
can form complexes with various Lewis bases including
organic acids, amines, aldehydes, alcohols, and thiols by the
interaction of the functional groups with their f orbital,
which can enhance the efficiency of separation between
electrons and holes and prohibit the transformation from
anatase to rutile [27, 28, 73]. Accordingly, it can prolong the
photoresponse in visible region. Du et al. studied the effect
of surface OH population on the photocatalytic activity of
RE-doped P25-TiO2 systematically [74], listed in Table 4. It
can be seen that Pr, La, Ce, Y, and Sm ions in TiO2 Ncs have
a significant inhibition of phase transformation, especially
at 800◦C or above. And the anatase fraction follows the
decreasing order Pr > La > Ce > Y > Sm. At the meantime,
we can also know that the photocatalytic degradation of
methylene blue over RE oxide-modified TiO2 is mainly
dependent on the quantity of a specific anatase—OH group.
Cacciotti et al. successfully prepared La-, Eu-, and Er-doped
TiO2 NCs via electrospinning technique [75], which also can
raise the transformation temperature up to 900◦C. Wang
et al. also synthesized TiO2 NCs doped with Eu, Er, Ce,
Pr by this method [76]. And the particles obtained had
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Figure 3: Site-selective emission spectra of the Eu3n : TiO,
nanocrystals at 10 K, with curves (1) λexc = 464.7 nm for Site I;
(2) λexc = 470.6 nm for Site II; and (3) λexc = 472.0 nm for Site a,
respectively. The inset shows the 10 K emission spectrum under the
band gap excitation at 343.1 nm. Reprinted with permission from
[81].

an average diameter of 10 nm with remarkable luminescent
properties. It can be clearly seen that most of the RE ions
have the ability to inhibit the transformation from anatase
to rutile. Li et al. reported that the luminescent intensity
can be enhanced through energy transfer from Eu3+ to TiO2

NCs [77]. Jeon and Braun synthesized Er3+-doped TiO2

nanoparticles (−50 nm) through a simple hydrothermal
method starting from sol-gel precursors with anatase phase
[78]. They observed obviously enhanced luminescence from
thin films of the nanoparticles by annealing at 500◦C.
A sharp emission peak at 1532 nm with a fill width at
half maximum (FWHM) of 5 nm was observed, which
excludes the possibility that Er3+ ions exist under a free
oxide form in the TiO2 matrix, with contrast with the
emission band of erbium oxide nanoclusters synthesized
through a microemulsion technique centered at 1540 nm
with an FWHM of 22 nm [79]. Patra et al. also studied
the upconversion luminescence of Er doped into TiO2 NCs
under 975 nm excitation [80].

However, there are two major controversies still exist
[81]. One is whether the lifetime of transition metal or RE
ions-doped TiO2 semiconductor NCs can be shortened by
orders of magnitude caused by quantum size effects. The
other is that lanthanide ions incorporate into the lattice sites
of the host or be adsorbed on the surface because of the
different radius and valence between RE ions and cationic
of host. Chen et al. prepared TiO2 : Eu anatase NCs (8–
12 nm) by a hydrothermal method and proved that Eu3+

occupy three sites in NCs host through site selective spectra
at 10 K [81], as shown in Figure 3. By means of site selective
spectra, at least three kinds of luminescence sites of Eu3+ are
identified and separated from each other. Two sites (Sites
II and IU) exhibit sharp emission and excitation peaks,
which are ascribed to the lattice site with ordered crystalline
environment (inside). The other site (Site I) associated with
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Table 4: Characterization of samples. Reprinted with permission from [74].

Sample
Anastase fractiona

[nm]
Anastase crystal

sizea[nm]
Rutile crystal

sizea[nm]
Band gap energy [eV] Sscr [m2/g]

P25 0.70 22 37 3.25 51

P25 600 0.70 25 36 3.23 47

P25 0, 2La 600 0.71 28 41 3.23 46

P25 0, 2Ce 600 0.71 27 50 3.19 47

P25 0, 2Y 600 0.72 28 39 3.16 46

P25 0, 2Pr 600 0.71 27 50 3.14 47

P25 0, 25m 600 0.71 26 47 3.16 46

P25 800 0.05 — 43 3.04 16

P25-0.2La-800 0.22 31 43 3.03 23

P25-0.2Ce-800 0.15 35 45 3.04 19

P25-0.2Y-800 0.13 30 50 3.02 20

P25-0.2Pr-800 0.31 35 47 3.02 24

P25-0.25m-800 0.08 29 50 3.01 17

P25-1La-800 0.31 35 45 3.05 25

P25-1Ce-800 0.48 31 47 3.07 30

P25-1Y-800 0.05 — 50 3.04 16

P25-1Pr-800 0.15 31 45 3.03 21

P25-15m-800 0.37 33 50 3.06 29

P25 2La 800 0.14 34 47 21

P25 2Ce 800 0.15 35 49 18
a
Determined from XRD.

the distorted lattice sites near the surface shows significantly
broadened fluorescence lines. very strong Eu3+ luminescence
from major Sites II and III plus other minor sites can be
seen under the band gap excitation at 343.1 nm. The energy
transfer from the host to Eu3+ confirms that Eu3+ ions
have been effectively incorporated into the TiO2 NCs. But
it should be noted that there may be some RE ions locating
at surface sites. So it always has a long way to explore the
function caused by lanthanide ions doped.

3.3. The Effect Caused by Codoped RE Ions and Other Ions.
Besides, Xu et al. and Ma et al. had prepared the TiO2

NCs codoped with RE ions and nonmetal ions by the sol-
gel method [82, 83], which had better adsorption activity
than those doped with RE ions only. Xu et al. reported
that Eu-, N-codoped TiO2 NCs exhibited a significant red
shift to the visible area [82], as shown in Figure 4. It is
obvious that Eu-, N-codoped TiO2 NCs show the highest
adsorption activity. And we could also know that Eu-, N-
codoped TiO2 NCs have a smaller particle with a good
inhibition from anatase to rutile. Besides, Ma et al. also
obtained Sm-, N-codoped TiO2 NCs by a similar way [83],
which was similar to the result of Eu-, N-codoped TiO2

NCs. Thus, we can conclude the absorption of TiO2 NCs
could be modulated from UV light to visible light because
of the addition of RE ions, which can meet the application.
It is thought that the metal ions (such as lanthanide
ions) doped TiO2 NCs will expand the photoresponse area.
Meantime, the nonmetal ions will inhibit the combination
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Figure 4: DRS spectra of Eu, N-codoped titania, N-doped titania,
and pure titania. Reprinted with permission from [82].

of photogenerated electrons and holes. And it also has the
ability to suppress the transformation from anatase to rutile.
So it is hopeful to improve the photocatalytic activity by
adding the metal ions with nonmetal elements.

4. Conclusion

In conclusion, TiO2 NCs are chosen as one of the most
potential candidates to purify polluted water and air, to solve
the environmental problems, and to be host in the field of
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solar cell and other relative areas for its excellent stability,
low cost, and friendliness to environment. Adding RE ions to
TiO2 can suppress the transformation to rutile from anatase,
absorb the organic pollutant on the surface of the base,
then improving the photocatalytic activity. So RE-doping
nano-TiO2 has been studied extensively, but the application
situation is not that affirmative. The author suggested that
the development orientation include these aspects below.

(1) explore the influent theory about the co-doping ions
into nano-TiO2, such as metal and metal, metal and
nonmetal, nonmetal and nonmetal, especially the
area of metal and nonmetal coexists,

(2) investigate the way to improve the catalytic prop-
erties, without sacrificing the oxidation activity,
especially adjusting the absorption range,

(3) search for the ideal ways to manufacture RE-doped
TiO2 NCs so as to modulate the absorption to visible
region and to meet its industrial needs.
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Comb-shaped ZnO micro/nanostructures were grown on copper substrate using a highly repeatable catalyst-free chemical vapor
deposition method. The structure of the ZnO micro/nanocombs was analyzed, and the necking-down phenomena of the comb
teeth was explained. The cathodoluminescence (CL) spectrum was measured on an individual ZnO comb, and a strong deep-level
emission centered at about 520 nm was observed.

1. Introduction

ZnO, with a wide bandgap of 3.37 eV at room temperature
and a high exciton binding energy of 60 meV, is a direct
bandgap II–VI semiconductor with good performances.
In the past decade, nano-ZnO has attracted considerable
attention. A variety of ZnO nanostructures, nanowires [1],
nanorods [2], nanoribbons [3], nanocombs [4], nanorings
[5], nanohelices [6], and nanotetrapods [7], and have been
discovered and reported. Among them, ZnO nanocombs
consisting of a ribbon and an array of parallel nanorods
perpendicular to the ribbon are of interest for nanocantilever
arrays [4], laser arrays [8], nanocomb biosensors [9], and
gratings [10].

So far, ZnO nanocombs have been synthesized mainly
by thermal evaporation using Zn or ZnO usually mixed
with graphite powers as precursors in a wide temperature
range (440◦C–1350◦C) [4, 11–18]. In most cases, Au was
also used as the catalyst in the growth. The mechanism
involved in generating ZnO nanocombs includes vapor-
solid (VS) mechanism without any catalysts and vapor-solid-
liquid (VLS) mechanism directed by catalysts. Wang et al.
[4] reported that the Zn-terminated (0001) polar surface
is chemically active and can initiate a self-catalyzed effect
that promotes the growth of comb-like arrays, while the O-
terminated (0001) polar surface is inert in initiating growth.
Chen et al. [16] reported that both VS and VLS mechanisms
could explain the growth of ZnO comb-like structures.

Herein, a chemical vapor deposition (CVD) process
using a precursor of mixed ZnO and graphite powders is
carried out to grow comb-like ZnO micro/nanostructures. In
the process, no catalyst is used and as well no catalyst particle
is detected at the comb tip, indicating a VS mechanism in
the growth of the ZnO comb-like structures. The absence of
catalyst particle on the as-grown ZnO micro/nanocombs is
an advantage to fabricate ZnO micro/nanodevices without
the influence of impurity. This facile way for growing pure
ZnO comb-shaped micro/nanostructures on a large scale will
facilitate the broad applications of ZnO micro/nanocombs.
At last, the structure and growth mechanism of the comb-
shaped ZnO structures were discussed, and the CL properties
of individual ZnO combs were investigated.

2. Experimental Section

The ZnO micro/nanocombs were synthesized in a tube
furnace system [19] through a chemical vapor deposition
(CVD) method. At first, a mixture of ZnO and graphite
powders (weight ratio 2 : 1) was grounded and loaded into
a quartz boat, which is placed at the center of a horizontal
tube furnace. A clean Cu sheet without catalyst was used as a
substrate and placed downstream of the source materials to
collect the products. Argon, with a flow rate of 30∼70 sccm
(standard cubic centimeters per minute), was used as the
carrier gas. Then, the source materials were heated up to
1000◦C with a heating rate of 45◦C/min. The substrate
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Figure 1: XRD pattern of as-prepared ZnO comb-like structures
grown on Cu substrate.

temperature is 950◦C due to the temperature gradient of
the tube-furnace. The pressure was kept at 1 atm during the
reaction. The growth was maintained for 90 min. Then, the
furnace was cooled down to room temperature, and white
products were found covering the Cu substrate.

The as-synthesized products were characterized by X-
ray diffraction (XRD, Panalytical X’pert PRO diffractome-
ter), scanning electron microscopy (SEM, Hitachi S-4800),
energy-dispersive X-ray (EDX) spectroscopy and transmis-
sion electron microscopy (TEM, Tecnai G2 F20 U-TWIN).
Cathodoluminescence spectrum of an individual comb-like
structure was recorded using an in situ optical-electrical
measurement system based on a Keithley 4200 semiconduc-
tor characterization system and an FEI XL30-SFEG SEM
equipped with 4 Kleindiek MM3A nanomanipulators, and
the current intensity of electron beam was less than 1nA.
More details about the in situ optical-electrical measurement
system can be found in [20].

3. Results and Discussion

X-ray powder diffraction pattern of the as-synthesized ZnO
micro/nanocombs was shown in Figure 1. Reflections from
wurtzitic ZnO could be readily identified and a strong
preferred orientation of (101) plane was evidenced. Some
weak reflections corresponding to Cu, Cu2O, and CuO were
also observed and ascribed to the Cu substrate.

Figure 2 is an energy-dispersive X-ray spectrum mea-
sured on the comb-like structures, and it reveals that only
Zn and O can be detected and Cu or other elements are
absent. Therefore no particles of Cu, Cu oxides, or Cu alloys
contaminate the comb-shaped structures; the Cu, Cu2O, and
CuO identified by XRD should come from the substrate.

Typical SEM images are given in Figures 3(a)–3(c).
Some ZnO comb-shaped structures accumulating over the
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Figure 2: EDX spectrum of the ZnO comb-like structures.

substrate can be seen from Figure 3(a). Figure 3(b) presents
the details of the morphology of an individual ZnO comb.
The comb-like structure has teeth with a length up to 20 μm
and a thickness of several hundreds of nanometers. All the
teeth stand parallel to one another on one side of ribbon-
like stems. The stems are ribbons with a thickness of several
hundreds of nanometers and a length of several tens of
micrometers. The width of the ribbon is almost the same
along the growth direction, which is different from the blade-
like structures reported in previous literature [11, 16]. Shown
in Figure 3(c) is another kind of ZnO comb-like structures
forming on the Cu substrate. The width of the tooth shrinks
drastically from several μm at its root to about 300 nm at
its sharp tip. The teeth are uniform in length and width in
general. The distance between two adjacent teeth is about
2 μm.

The ZnO micro/nanocombs were further characteriza-
tion by TEM. Shown in Figure 4(a) is a low-magnification
image of a comb-like ZnO structure, and the selected area
electron diffraction (SAED) pattern obtained from the stem
part of the comb-like structure is given as an inset. Presented
in Figure 4(b) is an image of the root part of the teeth at
higher magnification and SAED pattern taken from a tooth.
The identical SAED patterns obtained from different parts of
the comb-like structure indicates that the entire particle is a
single crystal. SAED patterns agree well with [100] zone axis
of wurtzitic ZnO, confirming the results of XRD and EDX
analyses. Though [001] cannot be distinguished explicitly
from [001] direction with only SAED pattern, we assume
that the direction from stem ribbon to the tip of the tooth is
[001] in reference to [4]. The teeth of the comb-like structure
grow along c-axis while the stem ribbon grows along [120]
direction with (210) planes as top and bottoms surfaces.
Different from the comb structures reported here, the stem
ribbons of comb-like structures synthesized by Wang et al.
grow along [100] direction with (010) planes as top and
bottom surfaces. The necking down of the teeth is frequently
observed for our comb-like structures, and interestingly, the
positions of necking down are quite uniform for teeth of the
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Figure 3: Typical SEM images of the comb-like ZnO structures.
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Figure 4: (a) TEM image of a ZnO comb, showing the distinct arrays of teeth on one side. The inset is the SAED pattern taken from the stem
ribbon. (b) TEM image of the root part of the teeth at higher magnification and the corresponding SAED pattern. (c) Schematic models of
the comb-like structure observed by TEM. (d) A projection of wurtzite-type ZnO along [100] direction highlighting its polar planes (001),
(011), and (011).

same comb-like structure. The inclined facets occurring at
the place where the teeth are necking down are (011) and/or
(011), as shown in Figures 4(b) and 4(c). It is noteworthy
that (011) and (011) are polar planes, as indicated in
Figure 4(d). We suggest that the necking down of the teeth
is closely related with the polar planes of wurtzite-type
ZnO. Possibly, the surface energy of (011) and (011) polar
planes are comparable with that of (001), the most well-
known polar planes for wurtzite-type structure. Fluctuation
of experimental conditions during the growth can lead to
that (011) and (011) surfaces are energy preferred over (001).
Then, (011) and/or (011) facets will appear at the tips of the
teeth. Clearly, nonpolar surfaces with low indices, such as
(010) and (210) as well as their equivalents are more stable
than polar ones. Hence, non-polar surfaces are preferred over

polar ones to terminate the single crystalline teeth during
the subsequent growth. When such a process happens, a
necking down of the teeth will result, and sharper tips will
be obtained. So the necking-down phenomena dominated by
competition between polar surfaces and non-polar ones can
be utilized to synthesize wurtzite-type structures with both
sharp tips at nanoscale and thick roots in size of micrometers,
which should be very desirable for some applications.

The CL spectrum measured on an individual ZnO comb-
like structure is shown in Figure 5. Only a broad and
strong green emission band centered at 520 nm is observed,
which is commonly seen in ZnO materials synthesized
under oxygen-deficient conditions, such as the gas-phase
produced nanowires [21]. The chemical and structural
origins of the green luminescence from undoped ZnO are
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Figure 5: CL spectrum measured on an individual ZnO comb-like
structure.

still a matter of debate [22, 23]. In what is perhaps the
most frequently cited explanation, electrons trapped in singly
ionized oxygen vacancies recombine with valence band holes
[24]. In another frequently cited explanation, electrons in
the conduction band and/or shallow donor states recombine
with holes that have been trapped in oxygen vacancies [25].
Compared to the strong green emission centered at 520 nm,
no near band edge emission of ZnO was found in Figure 5.
The disappearance of the near ultraviolet (UV) band edge
emission is due to the low electron beam (1 nA) of the
CL measurement. Such a low electron beam generates few
electron-hole pairs. Furthermore, a large number of excited
electrons are trapped by oxygen vacancies, resulting in little
recombination of electron-hole pairs. Thus, the near band
edge emission peak of ZnO disappears.

4. Conclusions

In summary, ZnO micro/nanocombs have been successfully
synthesized on Cu substrate without catalyst using a simple
CVD method. The growth of the comb-like structures
can be attributed to a VS mechanism. The structure of
the ZnO micro/nanocombs was analyzed and the necking-
down phenomena of the comb teeth was explained. The
CL spectrum was measured on an individual ZnO comb
and only a broad strong green emission band was observed.
This facile way for growing pure ZnO micro/nanocombs on
a large scale will facilitate the broad applications of ZnO
micro/nanocombs.
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This paper describes our research results on nanometers sizes subwavelength nanostructure fabrication by UV curing of special
nanocomposite material with self-organization and light self-focusing effects. For this purpose, special UV curable nanocomposite
material with a set of effects was developing: light self-focusing in the photopolymer with positive refractive index change,
self-organization based on photo-induced nanoparticles transportation, and oxygen-based polymerization threshold. Both
holographic and projection lithography writing methods application for microstructure making shows geometrical optical laws
perturbation as result of nanocomposite self-organization effects with formation of nanometers-sized high-aspect-ratio structures.
Obtained results will be useful for diffraction limit overcoming in projection lithography as well as for deep lithography technique.

1. Introduction

The main problem of current photolithography is dimin-
ishing of minimal feature sizes up to subwavelength value.
The smallest feature size Xmin that can be projected by a
coherent imaging system is Xmin = λ/2NA, and the depth
of focus DOF is DOF = λ/[2NA2], where λ is the wavelength
of the illumination, and NA is the numerical aperture. The
most ordinary way to attain smaller feature sizes is to reduce
the wavelength up to excimer laser wavelengths (248 or
193 nm). The NA is typically between 0,5 and 0,8, so the
feature size is on the order of the exposure wavelength.
State-of-the-art semiconductor fabrication facilities in the
year 2010 are forecasted to use a 32 nm process, at which
point the resolution and depth of focus constraints of optical
lithography become difficult.

Figure 1 plots the resolution against the film stack’s min-
imum refractive index. Note that the calculation includes
0.90 as the practical optics limit for sin (θ). This requires
that the refractive index of the immersion fluids be at least
10% higher than the theoretical minimum value. It is also
assumed that all other refractive indices in the stack are
higher than the fluid’s refractive index. To overcome pitch

size of 32 nm, it is needed to use fluid with refractive index
higher than 2,0 that is impossible.

Therefore, techniques to enhance the performance of
optical lithography are very important now. As the funda-
mental limits of optical lithography are approached, the non-
linear optical properties of the photoresist become increas-
ingly important. This nonlinearity arises from the change in
the complex index of refraction of the photoresist under UV
exposure. A common nonlinear optical phenomenon is the
light-induced change in the imaginary part of the index of
refraction∼, that is, absorption upon exposure. For instance,
contrast enhancement layers composed of a photobleachable
dye are often overcoated on a photoresist [1, 2] to introduce
exposure thresholding.

For the same reason, special UV-curable nanocomposite
with strong non-linear and self-writing effects overcoated on
photoresist to improve light distribution in the spot can be
used.

The same proposed technique is applicable for deep li-
thography based on 365 nm UV light with high scattering to
improve the shape of small feature in results of geometrical
optical laws perturbation at use of light self-focusing in
materials.
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Figure 1: Half-pitch resolution plotted against immersion fluid
refractive index according to the work [3].

If we make nanocomposite system with self-writing ef-
fects and place it as a topcoat, we will obtain self-writing
subwavelength artificial waveguide that will guide the light
to small subwavelength spot on photoresist surface.

So to make it, it is necessary to develop special material
with self-writing effects.

2. Experimental Conditions

UV-curable composition has been developed previously
and was described in our works [5, 6]. Acrylic monomers
were used such as composition of 2-carboxyethyl acrylate,
bisphenol A glycerolate diacrylate, 1,6-gexanediol diacrylate,
and trimethylolpropane ethoxylate (1 EO/OH) methyl ether
diacrylate (in ratio 5 : 2 : 1 : 2 accordingly) from Aldrich-
liquid composition and 2-carboxyethyl acrylate, RSX 51027
(from USB) (in ratio 1 : 3 accordingly)—solid composition,
as initiator was used 2,2-dimethoxy-2-phenylacetophenone
(from Aldrich). Initiator type and concentration (0,2 wt %)
were chosen according to light source λ = 320 − −365 nm.
Concentration of initiator allows light penetration in
monomer material on 1 mm.

For projection lithography were used two monomer
compositions: 2-carboxyethyl acrylate and bisphenol A glyc-
erolate in ratio 70 : 30 and bisphenol A glycerolate diacrylate,
2-carboxyethyl acrylate, and phenoxyethyl acrylate in ratio
25 : 55 : 20 with nanoparticles.

Nanocomposites used in this work were based on ZnO
nanoparticles dispersed in monomers. The concentration
of nanocrystals in the composite which is about 10 wt%
and their size (20 nm) will ensure low light scattering by
the nanocomposite. ZnO nanocrystals were purchased from
Russian local supplier. Prepared nanoparticles were mixed
with UV curable monomers mixture. Nanocomposite prepa-
ration method and its properties were described previously
[6–8].

All experiments were accomplished at room temperature
in air without special inert atmosphere (argon). To reduce
inhibition effect of oxygen, nanocomposite was cured be-
tween two substrates—glass and polyester film.

Process of microstructural element formation was made
as follows: drop of composition was placed on substrate (in
our case glass processed by NaOH) having chemical inter-
action with acid groups of composition and covered by
polyester film with thin layer of release coating (siloxane).
Thickness of composition layer was determined by spacers.
UV curing took place at UV irradiation of composition by
use of holographic technique or by projection lithography.
After curing polyester was removed, and substrate was
washed by isopropyl alcohol to remove noncured compo-
sition. Holographic method based on interferometer with
320 nm He-Cd CW laser source. In current experiment angle
between two laser beams was 10 degrees, and writing lattice
period was—2 μm.

Projection lithography was carried out based on DPSS
laser source (355 nm) and quartz lens with aperture 0,4.

SEM photos as well as ion etching of the materials were
made by ion beam tool—CrossBeam Neon 40 EsB (Carl
Zeiss).

3. Results and Discussion

Light self-focusing and self-organization effects at UV curing
of acrylate-based nanocomposites were investigated previ-
ously [9]. There are a few effects as follows.

3.1. Self-Focusing of the Light in Material with Positive Refrac-
tive Index Change at Photopolymerization. Effect of light self-
focusing in optical material having proprieties of positive
change of refractive index (RI) at light action is widely in-
vestigated recently. For example, in cited work, the results
of light self-focusing and self-written waveguide preparation
process obtained on glass light-sensitive material are summa-
rized [10].

Self-written waveguides can be evolved if a Gaussian laser
beam is focused onto and allowed to propagate through a
photosensitive material that shows positive refractive index
change in response to laser exposure. Since the refractive
index increases with intensity, the initially diffracting beam
causes the refractive index to build up along the prop-
agation axis, which is reflected by narrowing and increasing
peak intensity of the outcoming beam. In the early stages,
an adiabatic taper forms, and over time, a channel wave-
guide can be created throughout the sample. These are called
self-written waveguides as the same light that induced the
waveguide is also guided by it [10]. Our experiments show
important influence of the well-known oxygen inhibition
action on reinforcement of self-focusing light in photopoly-
mer. Oxygen inhibition action to acrylate photopolymeriza-
tion is described previously [11].

3.2. Short-Distance Nanoparticles Transportation. Effect of
light-induced nanoparticles redistribution in nanocompos-
ite is a new effect discovered recently. It takes place at
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Figure 2: (a) Nanoparticles transportation in photopolymer according to the work in [4], (b) our experimental diffraction efficiency
dependence on exposition and nanoparticles concentration.

photopolymeric nanocomposite irradiation by periodic light
distribution, for example, by lattice made by interference of
two laser beams.

The first time these processes were found by Suzuki and
coworkers in 2005 on organic-inorganic nanocomposite
photopolymer system in which inorganic nanoparticles
with a larger refractive index differ from photopolymerized
monomers are dispersed in uncured monomers [12]. Inor-
ganic materials possess a wide variety of refractive indices
that give us the opportunity to obtain much higher refractive
index changesΔn than conventional photopolymers with low
scattering loss [13].

Explanation of effects was made in the work of [4]. For
monomers with radical photopolymerization, spatially non-
uniform light illumination will produce free radicals by
dissociation of initiators and subsequent reaction of free rad-
icals with monomers, which leads to chain polymerization of
individual monomers in the bright regions.

This polymerization process lowers the chemical poten-
tial of monomers in the bright regions, leading to diffusion
(short-distance transportation) of monomers from the dark
to the bright regions. On the other hand, photoinsensitive
inorganic nanoparticles have diffusion from the bright to the
dark regions, as illustrated in Figure 2(a), since the particles
are not consumed, and their chemical potential increases
in the bright regions as a result of the monomer con-
sumption. Such a mutual diffusion process continues until
the monomers are consumed completely by polymerization
processes and until the high viscosity of cured material
makes monomers and nanoparticles immobile. As a result,
the spatial distribution of nanoparticles is also fixed, and a
refractive-index grating is created as a result of compositional
and density differences between the bright and the dark
regions.

Figure 2 shows diffraction efficiency dependence of
photopolymerizable nanocomposite material from exposi-
tion time and nanoparticles concentration. Unlike classic
holographic photopolymer in our material, unpolymerized

2 μm

2 μm

Figure 3: Microphotos of cut of obtained 3D structure (left—
optical and right—confocal microscopy), lattice period—2 μm.

materials were dissolved by alcohol and removed after expo-
sition. According to schema (Figure 2(a)), unpolymerized
monomer in dark areas was removed by dissolution. High
augmentation of diffraction efficiency at 12% nanoparticles
concentration is a result of nanoparticles redistribution.

As a result, we will obtain 3D parallel plates of poly-
merized material with nanoparticles divided by the same
plate without nanoparticles. Our measurement of the plate
was made by transmission optical microscopy on micro-cut
of structure and the same obtained by confocal microscopy
shown in Figure 3. According to Figure 2(b) there takes place
short-distance nanoparticles transportation to the bright
regions with change of solubility of material and reinforce-
ment of polymerized 3D lattice formation.

So the process of nanoparticles displacement is a self-
writing process or reinforcement of self-focusing process as
discussed above.

After that the first experiments on nanoparticles redis-
tribution in nanocomposite transformation on high aspect
ratio nanosized structures were made. Figure 4 shows result
of ion etching of previously made holographic micropatterns
in nanocomposite.
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1 μm

Figure 4: The result of ion beam etching: nanocomposite areas with
formation of vertical 100 nm width elements.

1
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Diffraction- 
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Figure 5: Model of light redistribution behind the lens spot as a
result of self-writing processes. (1) UV light beam, (2) nanocom-
posite, (3) Tip self-writing, and (4) photoresist. Polymerized small
one-micron-sized cylinder with vertical borders made by this
process (insert).

We think that ion beam etches nanoparticles-free poly-
mer plates and does not touch nanoparticles enriched
plates. As a result, after polymer evaporation nanoparticles
redistribution becomes visual, etching forms subwavelength
nano-sized columns with high aspect ratio.

3.3. Microstructure Writing by Projection Lithography. Self-
writing and self-focusing effects discussed above are applica-
ble for diminishing polymerized area initially corresponding
to light distribution in objective spot as well as to overcome
geometric distribution of the light in focus. The main
effect is light self-focusing that can be reinforced by oxygen
inhibition [14, 15] and nanoparticles redistribution at
photopolymerization. Figure 5 shows proposed application
of self-writing processes in projection photolithography:
using nanocomposite with self-writing effects overcoated on
photoresist to improve light distribution in the spot on the
photoresist surface.

For comparison, two monomer compositions (with and
without nanoparticles) were used, and results of them are
different. In Figure 6 are represented polymer microstruc-
tures obtained in case of 2-carboxyethyl acrylate and bisphe-
nol A glycerolate composition (without nanoparticles). Rela-
tion between dimensions/structure shape and exposition is
observed. In this experiment was used projection of spot

(a)

(b)

5 μm

(c)

Figure 6: Structures obtained from photopolymer without
nanoparticles: (a) diameter 3 μm (spot size 2 μm); (b) diameter
4 μm (spot size 4 μm); (c) diameter 6.5 μm (spot size 6 μm).

expected diameter 1, 2, 4, and 6 mm. Composition without
nanoparticles does not allow to obtain structures with all
expected diameters. All cylinders based on this composition
were at least 3-4 μm diameter; in case of 1 μm expected spot
size formation of elements did not take place.

Elements form tends to the cone that corresponds to
energy distribution in spot.

In contrast with this series, experiments with nanocom-
posite gave different results—we made structures with ex-
pected diameters 1 mm and obtained diameter less than 1 μm
with a form near to cylinder in Figure 7.
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(a)

2 μm

(b)

Figure 7: 2 μm height structures obtained from nanocomposite: (a)
diameter 0.7 μm (spot size 1,5 μm), (b) diameter 0.6 μm (spot size
1,5 μm).

Figure 7 shows that the use of nanocomposite gives for-
mation of subwavelength elements formed with geometric
optics law violation (formation of self-writing cylinder in
dispute to cone).

In fact, used lens should form cone 20 degrees, but as a
result of nanocomposite self-organization, it is the form of
cylinders with vertical borders that confirms our guess-work
on self-organization effects in photolithography.

4. Conclusion

Nanocomposite photopolymerizable material shows a set of
self-writing effects due to the light beam redistribution as a
result of self-focusing in non-linear photopolymer (posi-
tive refractive index change at photopolymerization) and
effects of photopolymerization inhibition by oxygen and
short-distance nanoparticles displacement. UV curing of
nanocomposite will result in reinforcement of light self-
focusing and grasping of polymerized area. The process is
applicable for photolithography. The experiment made at use
of 0,4 aperture lens shows possibility of transformation of
initial conical light distribution to cylindrical one as a result
of investigated processes in nanocomposite UV-curable
material and formation of subwavelength-sized elements.
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Orthorhombic α-MoO3 microplates were produced from (NH4)6Mo7O24·4H2O solid powder by a 900 W microwave plasma
for 40, 50, and 60 min. Phase, morphologies, and vibration modes were characterized by X-ray diffraction (XRD), selected
area electron diffraction (SAED), scanning electron microscopy (SEM), and Raman and Fourier transform infrared (FTIR)
spectroscopy. Sixty min processing resulted in the best crystallization of the α-MoO3 phase, with photoluminescence (PL) in a
wavelength range of 430–440 nm.

1. Introduction

Basically, molybdenum oxides are classified into two types:
the thermodynamically stable orthorhombic α-MoO3 phase,
and the metastable monoclinic β-MoO3 phase with ReO3-
type structure. Orthorhombic α-MoO3 phase is a promising
oxide, with structural anisotropy [1]. It is a wide bandgap
n-type semiconductor, which is very attractive for different
technological applications such as photochromic materials
(changing from colorless to blue by UV irradiation) [2–4],
smart windows [5], self-developing photography [2], con-
ductive gas sensors [3], lubricants [6], and catalysts [7].
Orthorhombic α-MoO3 was composed of MoO6 octahedral
corner-sharing chains, with edge sharing of two similar
chains to form layers bonded by the weak van der Waals
attraction [2]. Different methods were used to produce
the oxide, which led to achieving products with different
properties: evaporation of Mo foil by IR in 1 atm synthetic
air to produce a uniformly semitransparent film on alumina
substrate [3], direct oxidation of a Mo spiral coil in ambient
atmosphere to produce film on Si (001) substrate [8], flash
evaporation of molybdenum oxide powder on silica glass

substrate, and (111)-oriented silicon wafer in vacuum [9],
precipitation [10], and hydrothermal method [11].

In the present research, α-MoO3 microplates were pro-
duced by exposing a solid powder to microwave plasma. This
very simple and rapid process, which is also benign to the
environment, may lead to large-scale industrial production.

2. Experiment

To produce MoO3, (NH4)6Mo7O24·4H2O powder was used
as a starting material without further purification. Each 0.5 g
powder was loaded into three 14 mm I.D. × 100 mm long
silica boats. Each was placed in a horizontal quart tube,
which was tightly closed and evacuated until its absolute
pressure was 3.7±0.1 kPa. The powder was heated in batches
by a 900 W microwave plasma; each batch was irradiated for
5 min. After the processing of each batch, the powder was
thoroughly mixed and repeatedly heated for a total of 40, 50,
or 60 min. During processing, the horizontal quart tube was
continuously evacuated to drain the evolved gases out of the
system.

The products were characterized using X-ray diffractom-
eter (XRD, SIEMENS D500) operating at 20 kV, 15 mA, and
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Figure 1: (a) XRD patterns of α-MoO3 processed for 40, 50, and 60 min. (b, c) SAED pattern and HRTEM image of α-MoO3 processed for
60 min.

using Cu-Kα line, in combination with the database of the
Joint Committee on Powder Diffraction Standards (JCPDS)
[12]; scanning electron microscope (SEM, JEOL JSM-6335F)
operating at 15 kV, transmission electron microscope (TEM,
JEOL JEM-2010), and selected area electron diffractometer
(SAED) operating at 200 kV; Fourier transform infrared
spectrometer (FTIR, Bruker Tensor 27) with KBr as a dilut-
ing agent and operated in the range of 2000–400 cm−1, Ra-
man spectrometer (T64000 HORIBA Jobin Yvon) using a
50 mW and 514.5 nm wavelength Ar green laser, and photo-
luminescence (PL) spectrometer (LS 50B PerkinElmer) using
a 380 nm excitation wavelength at room temperature.

3. Results and Discussion

3.1. XRD, SAED, and HRTEM. XRD patterns of the products
processed for 40, 50, and 60 min are shown in Figure 1(a).
Their peaks were specified as orthorhombic MoO3 of JCPDS
database number 05–0508 [12], with no impurity detection.
The (020) peaks at 2θ of 12.8◦ were clearly detected, and

they indicated the presence of orthorhombic phase instead of
monoclinic [13]. It should be noted that their intensities were
slightly increased with the increase of processing time. The
XRD peaks for 60 min processing time were the strongest,
reflecting the product with the best degree of crystallinity.
During processing, (NH4)6Mo7O24·4H2O decomposed as
follows:

(NH4)6Mo7O24 · 4H2O(s) −→ 7MoO3(s) + 6NH3
(
g
)

+ 7H2O
(
g
) (1)

MoO3(s) was left as the final solid products. Two gases (NH3

and H2O) diffused out of the system, and evacuated out
of the horizontal quart tube. It should be noted that some
reactant could remain, and was mixed with the final prod-
uct if the processing time was less than 40 min. Longer proc-
essing times resulted in greater purification of the final
product.

Calculated lattice parameters (Å) using the plane spacing
equation for orthorhombic phase [14] were a = 3.96,
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Figure 2: SEM images of α-MoO3 processed for (a) 40 min, (b) 50 min, and (c, d) 60 min, and (e) PL emissions of α-MoO3 processed for
40, 50, and 60 min.

b = 13.86, and c = 3.70, in accordance with those of the
JCPDS database [12]. Figure 1(b) shows the SAED pattern of
a single crystal processed for 60 min. It was indexed [15] to
correspond with the (002), (202), and (200) crystallographic
planes, which were specified as orthorhombic α-MoO3 [2,
12, 16]. In the present analysis, an electron beam was sent
to the crystal along the [010] direction. The (021) crystallo-
graphic plane with 0.33 nm spacing was detected by HRTEM
(Figure 1(c)), implying that the product was crystalline in
nature. These last two analyses were in accordance with that
of the above XRD.

3.2. SEM. SEM images of MoO3 crystals processed for 40, 50,
and 60 min are shown in Figures 2(a)–2(d). Clusters of
spheres ranging from 100 nm to a few hundred nm, as well
as a small fraction of plates, were produced by 40 min proc-
essing. When the processing time was 50 min, more plates—
about 100 nm thick and a few μm long—were produced,

growing perpendicular to the cluster surface. Sixty min proc-
essing resulted in a further increase in the number of plates
produced, as well as their sizes: 100–200 nm thick and a few
μm long. During processing, some plates could be broken
due to the internal stress developed inside.

3.3. Raman and FTIR Analyses. Raman spectra (Figure 3(a))
of MoO3 crystals processed for 40, 50 and 60 min were
studied in the range of 150–1050 cm−1. During the analysis,
a low-intensity laser was used to avoid crystallization. The
product of 60 min processing was a highly ordered crystalline
structure, and its Raman peaks were the highest. The heights
were reduced when the processing time was shortened. In the
present research, 12 typical Raman peaks were detected. The
peaks at 990 cm−1 were specified as the Mo=O asymmetric
stretching modes of terminal (unshared) oxygen [16]. The
strongest peaks were at 813 cm−1, and were specified as the
doubly connected bridge-oxygen Mo2–O stretching modes
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Figure 3: (a) Raman analysis of α-MoO3 processed for 40, 50, and
60 min. (b) FTIR spectrum of α-MoO3 processed for 60 min.

[2] of doubly coordinated oxygen, caused by corner-shared
oxygen atoms in common to two MoO6 octahedrons [16].
The peaks at 666 cm−1 were the Mo3–O stretching modes
of triply coordinated bridge-oxygen, caused by edge-shared
oxygen atoms in common to three octahedrons [2, 16]. Their
remains were the O–Mo–O asymmetric stretching/bending
modes at 470 cm−1, O–Mo–O scissoring modes at 378 and
364 cm−1, O–Mo–O bending modes at 337 cm−1, O=Mo=O
wagging modes at 287 cm−1, O=Mo=O twisting modes at
244 cm−1, Rc modes at 217 cm−1, O=Mo=O twisting modes
at 197 cm−1, and Tb modes at 158 cm−1 [16]. Sometimes
the Raman peaks were positively/negatively shifted, due to
the increase or decrease in the vibration constant of the
products [2]. In the present research, the vibrations were
the same values, although the processing time and degree of
crystallinity were different.

Figure 3(b) shows the FTIR spectrum of α-MoO3 over
the 400–2000 cm−1 range. Three strong vibrations were de-
tected at 621, 874 and 993 cm−1, associated respectively with
the stretching mode of oxygen linked with three metal atoms,
the stretching mode of oxygen in the Mo–O–Mo units, and
the Mo=O stretching mode—the specification of a layered

orthorhombic α-MoO3 phase [17]. Two weak vibrations
were also detected at 1384 and 1643 cm−1, associated with
the vibration mode of the Mo–OH bond and the bending
mode of adsorbed water, respectively [17, 18].

3.4. PL Emission. PL emission of orthorhombic α-MoO3

processed for 40, 50, and 60 min was studied using 380 nm
excitation wavelength at room temperature. The PL spectra
(Figure 2(e)) presented broad peaks over the 400–600 nm
range with a strong indigo emission centered at 430–
440 nm—in accordance with the report of Song et al. [4].
These emissions were caused by the band-to-band transition.
In the present research, very weak shoulders, caused by the
electron-hole recombination between the conduction band
and the sublevel of adsorbed oxygen acceptors, were also
detected; these were able to be reduced by calcination at high
temperatures [4]. The luminescence intensity increased with
the increase of processing times, in accordance with the im-
provement of the degree of crystallinity characterized by the
above XRD analysis.

4. Conclusions

Orthorhombic α-MoO3 was successfully produced by a
900 W microwave plasma process for 40, 50, and 60 min.
The product processed for 60 min was α-MoO3 microplates
with three main Raman peaks (666, 813, and 990 cm−1),
three main FTIR vibration modes (621, 874, and 993 cm−1),
and 430–440 nm indigo emission—a promising material for
different applications.

Acknowledgments

The authors wish to thank the National Nanotechnology
Center (NANOTEC), National Science and Technology
Development Agency, Thailand, for providing financial
support through the project code: P-10-11345, the Thailand’s
Office of the Higher Education Commission through the Na-
tional Research University Project, and the Scholarships for
Thai Ph.D. Program, and the Thailand Research Fund (TRF)
through the TRF Research Grant, including the Graduate
School of Chiang Mai University through the general sup-
port.

References

[1] X. W. Lou and H. C. Zeng, “Hydrothermal synthesis of α-
MoO3 nanorods via acidification of ammonium heptamolyb-
date tetrahydrate,” Chemistry of Materials, vol. 14, no. 11, pp.
4781–4789, 2002.

[2] T. He and J. Yao, “Photochromism of molybdenum oxide,”
Journal of Photochemistry and Photobiology C, vol. 4, no. 2, pp.
125–143, 2003.

[3] E. Comini, L. Yubao, Y. Brando, and G. Sberveglieri, “Gas
sensing properties of MoO3 nanorods to CO and CH3OH,”
Chemical Physics Letters, vol. 407, no. 4–6, pp. 368–371, 2005.

[4] J. Song, X. Ni, D. Zhang, and H. Zheng, “Fabrication and
photoluminescence properties of hexagonal MoO3 rods,” Solid
State Sciences, vol. 8, no. 10, pp. 1164–1167, 2006.



Journal of Nanomaterials 5

[5] T. He, Y. Ma, Y. Cao, Y. Yin, W. Yang, and J. Yao, “Enhanced
visible-light coloration and its mechanism of MoO3 thin films
by Au nanoparticles,” Applied Surface Science, vol. 180, no. 3-4,
pp. 336–340, 2001.

[6] J. Wang, K. C. Rose, and C. M. Lieber, “Load-independent
friction: MoO3 nanocrystal lubricants,” The Journal of Physical
Chemistry B, vol. 103, no. 40, pp. 8405–8409, 1999.

[7] K. R. Reddy, K. Ramesh, K. K. Seela, V. V. Rao, and K. V.
R. Chary, “Alkylation of phenol with methanol over molyb-
denum oxide supported on NaY zeolite,” Catalysis Communi-
cations, vol. 4, no. 3, pp. 112–117, 2003.

[8] Y. Zhao, J. Liu, Y. Zhou et al., “Preparation of MoO3 nano-
structures and their optical properties,” Journal of Physics:
Condensed Matter, vol. 15, no. 35, pp. L547–L552, 2003.

[9] C. Julien, A. Khelfa, O. M. Hussain, and G. A. Nazri, “Synthesis
and characterization of flash-evaporated MoO3 thin films,”
Journal of Crystal Growth, vol. 156, no. 3, pp. 235–244, 1995.

[10] H. X. Bai, X. H. Liu, and Y. C. Zhang, “Synthesis of MoO3 na-
noplates from a metallorganic molecular precursor,” Materials
Letters, vol. 63, no. 1, pp. 100–102, 2009.

[11] T. Xia, Q. Li, X. Liu, J. Meng, and X. Cao, “Morphology-
controllable synthesis and characterization of single-crystal
molybdenum trioxide,” The Journal of Physical Chemistry B,
vol. 110, no. 5, pp. 2006–2012, 2006.

[12] Powder Diffract, File, JCPDS-ICDD, 12 Campus Boulevard,
Newtown Square, P.A. 19073-3273, USA, 2001.

[13] T. Mizushima, K. Fukushima, H. Ohkita, and N. Kakuta,
“Synthesis of β-MoO3 through evaporation of HNO3-added
molybdic acid solution and its catalytic performance in partial
oxidation of methanol,” Applied Catalysis A, vol. 326, no. 1, pp.
106–112, 2007.

[14] C. Suryanarayana and M. G. Norton, X-Ray Diffract, Plenum
Press, New York, USA, 1998.

[15] K. W. Andrews, D. J. Dyson, and S. R. Keown, Interpretation
of Electron Diffraction Patterns, Plenum Press, New York, USA,
1971.

[16] T. Siciliano, A. Tepore, E. Filippo, G. Micocci, and M. Tepore,
“Characteristics of molybdenum trioxide nanobelts prepared
by thermal evaporation technique,” Materials Chemistry and
Physics, vol. 114, no. 2-3, pp. 687–691, 2009.
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Energy-efficient processing of TiB compound with nanowhiskers by micropyretic synthesis is investigated in this paper.
Micropyretic synthesis not only offers shorter processing time but also excludes the requirement for high-temperature sintering
and it is considered as the one of the novel energy-saving processing techniques. Experimental study and numerical simulation
are both carried out to investigate the correlation of the processing parameters on the microstructures of the micropyretically
synthesized products. The diffusion-controlled reaction mechanism is proposed in this study. It is noted that nanosize TiB
whiskers only occurred when the combustion temperature is lower than the melting point of TiB but higher than the extinguished
temperature. The results generated in the numerical calculation can be used as a helpful reference to select the proper route
of processing nanosize materials. The Arrhenius-type plot of size and temperature is used to calculate the activation energy of
TiB reaction. In addition to verifying the accuracy of the experimental measures, the reaction temperature for producing the
micropyretically synthesized products with nanofeatures can be predicted.

1. Introduction

The micropyretic synthesis, or so-called combustion syn-
thesis (CS) or self-propagating high-temperature synthesis
(SHS), employs exothermic reaction processing, which cir-
cumvents difficulties associated with conventional methods
of time- and energy-intensive sinter processing [1–17]. Two
basic micropyretic synthesis modes are commonly employed,
namely, the wave propagation mode and the thermal explo-
sion mode. In the wave propagation mode, the compacted
powders are ignited at a point by a heat source. After ignition,
the heat to propagate the combustion wave is obtained from
the heat released by the formation of the synthesized product.
The unreacted portion in front of the combustion wave is
heated by this exothermic heat, undergoes synthesis, the
wave propagates, thus causing further reaction and synthesis,
as shown in Figure 1. In the thermal explosion mode, the
specimen is heated in a furnace. The furnace may be kept at
the ignition temperature or the specimen may be heated in
the furnace at a predetermined heating rate to the ignition
temperature. The micropyretic reaction in this mode may
occur more or less simultaneously at all points in the

specimen. Although the synthesized product phases obtained
by both techniques are similar [1], there may be differences
in the amount of residual porosity, final dimensions, and the
thermal gradient during the processing.

The advantages of micropyretic synthesis techniques
include rapid net shape processing and clean products. When
compared with conventional powder metallurgy operations,
micropyretic synthesis not only offers shorter processing
time but also excludes the requirement for high-temperature
sintering. Volatile contaminants or impurities may be elimi-
nated as the high temperature combustion wave propagates
through the sample, and thus the synthesized products have
the higher purity [2, 3]. The steep temperature gradient also
gives rise to the occurrence of metastable, nonequilibrium
phases or nanosize features, which are not available in the
conventional processing [2, 3].

In the past decades, the conventional powder pro-
cessing routes or other techniques are used to synthesize
the materials with the nanofeatures [18–22]. During the
nanomaterial processing, there are three main difficulties
for making reliable, uniform, nanostructure bulk alloys,
including the following (1) The microstructural nonunifor-
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mity often occurred in the synthesized product. (2) Energy
wastage impacts the cost of production. (3) Human safety
is encountered when nanoparticles are processed during the
synthesis. Micropyretic synthesis offers the rapid net-shape
processing and clean homogeneous product and is thus
considered as one of novel processing candidates to process
the nano materials [10]. In this study, the micropyretic
synthesis is used to process the nanosize materials.

Metal borides are a group of ceramic materials with
outstanding and attractive properties for technological appli-
cations [8]. Among these materials, Ti-B compound differs
with high electrical conductivity, and superconductivity at
cryogenic temperatures. The formation of nanosize phase in
the Ti-B brittle synthesize product can aid to enhance the
mechanical properties dramatically and increase its appli-
cation. In addition, Ti-B materials can also be synthesized
in a net shape by micropyretic synthesis due to the higher
exothermic heat. In the previous studies [15–17], we have
found that the changes in the processing parameters have the
significant impact on the properties of micropyretically syn-
thesized products, including the formation of the nanosize
features. Thus, the understanding of the processing parame-
ters is important and can help to select the proper processing
nanomaterial route during micropyretic synthesis. In this
study, Ti+B micropyretic reaction is chosen to study the
effects of the processing parameters on the formation of nano
size material. The experimental investigation and numerical
calculation are both carried out to study the effects of
processing parameters on the formation of nanosize TiB
whisker in the micropyretically synthesized products.

1.1. Experimental Procedure. Ti+B micropyretic reaction is
chosen to study the effect of processing parameters. Samples
are obtained by mixing powders, pressing them into shape
and finally combusting the shape by ignition from one
end. The particle sizes of titanium and amorphous boron
powders are both −325 mesh (<44 μm). In order to retard
the propagation velocity and further study the sequential
reaction of Ti-B combustion, the larger B particle (−60 mesh,
<250 μm) is also chosen in this study. The powders are first
tumble mixed for ∼10 minutes without the addition of any
liquid medium. Subsequently, the well-mixed powders are
pressed at 15000 psi (−100 MPa), using a double-acting press
and die to form an ASTM-ESM [23] standard specimen.
The thickness and longitudinal length of the unreacted green
compact are 5 mm and 90 mm, respectively. For obtaining
unidirectional wave propagation combustion, the compacted
specimen is ignited from one end with an external heating
source, which is held against the sample until combustion
initiates. The heat source is then removed as the combustion
front begins to propagate.

Microstructures are taken by scanning electron micro-
scopy (SEM). For some of the microstructures, energy-dis-
persive analysis of X-ray (EDAX) is performed to obtain
compositional data. X-ray diffraction (XRD) work is carried
out in a Siemens diffractometer (model: D500) employing
a Cu tube (wavelength: 0.15406 nm) operating at 40 KV
and 30 mA. Extremely fine (∼100 μm) tungsten-rhenium

(a)

Propagating direction

Combustion front (reaction zone)

Ignition end Reactants
(unreacted zone)

Product(s)
(reacted zone)

(b)

Figure 1: (a) The combustion front of the Ti-B reaction (with
small Cu) propagates from left to right after the ignition. (b) The
schematic of the propagation of the combustion front in Figure
1(a). During the propagation, the sample can be divided into three
different zones, including reacted zone, reaction melting zone, and
unreacted zone.

(W- 5% Re and W-26% Re) thermocouples are used to mea-
sure combustion temperature and propagation velocity dur-
ing the combustion reaction. The thermocouples are embed-
ded in the central area of a sample, at a depth of half the
sample height. A data acquisition system is used to record the
temperature at every 0.1-second interval. The combustion
temperature is defined as the highest temperature during
the combustion reaction. The average propagation velocity is
calculated from the known distance between the thermocou-
ples and the time lapse between the first signs of propagation
of each thermocouple.

1.2. Numerical Simulation. During the passage of a combus-
tion front in the micropyretic reaction, the energy equation
for transient heat conduction, including the source term,
containing heat release due to the exothermic reaction is
given as [6, 12, 13]

ρCp

(
∂T

∂t

)
= ∂

∂z

(
κ

(
∂T
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))
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Each symbol in the equation is explained in the nomencla-
ture section. The reaction rate, (T ,η), in (1) is given as
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Table 1: The thermophysical/chemical parameters for the reactants and product at sold state (300 K) and liquid state [24].

Thermophysical/chemical parameters Ti B TiB2

Heat capacity (300 K) (J/(kgK)) 528 118 950

Heat capacity (liquid) (J/(kgK)) 700 2800 2055

Thermal conductivity (300 K) (J/(msK)) 21.6 27 25

Thermal conductivity (liquid) (J/(msK)) 11 15 13

Density (300 K) (kg/m3) 4500 2450 4400

Density (liquid) (kg/m3) 4110 2080 4100

Table 2: The values of various parameters used in the numerical
calculation [25, 26].

Parameters TiB2

Combustion temperature (K) 3190

Activation energy (kJ/mole) 318 [25]

Exothermic heat (kJ/mole) 4214 [26]

Preexponential factor (1/second) 1 × 1010

In this study, a numerical calculation for (1) is carried
out with the assumption of the first-order kinetics. In (1),
the energy required for heating the synthesized product
from the initial temperature to the adiabatic combustion
temperature is shown on the left-hand side. The terms on
the right-hand side are the conduction heat transfer term,
the surface heat loss parameter, and the heat release due
to the exothermic micropyretic reaction, respectively. The
previous two-dimension study [12] has indicated that the
conduction heat transfer and surface heat loss are so small as
compared with the exothermic heat. Thus, the surface heat
loss is assumed to be radically Newtonian and is taken to be
zero in this study.

A middle-difference approximation and an enthalpy-
temperature method coupled with Gauss-Seidel iteration
procedure are used to solve the equations of the micropyretic
synthesis problems. In the computational simulation, a
one-dimensional sample of 1 cm long is divided into 1201
nodes (regions) to calculate the local temperature. This
one-dimensional numerical model assumes the following
sequence of events: (1) the specimen is gradually heated
by a surface heat source; (2) the reaction is ignited and
the combustion front propagates along the specimen; (3)
there is a cooling source at one end. The choice of 1 cm
sample length is only for computational purpose, and the
simulation results are applicable to practical experimental
conditions. The proper initial conditions are used to initialize
the temperatures and enthalpies at all nodes. At time t = 0,
the temperatures are taken to be the same as the substrate
temperature (T = To (300 K) and η = 0). The energy is
gradually added at the ignition node in very small time steps
until the combustion front starts to propagate.

The various microscale events, that is, local processes
such as warming of the sample, melting of lower refractory
reactant, formation of product, and cooling of the sample at
one end, are included in this calculation procedure. Depend-

ing on the values of the temperature and enthalpy occurring
in the reaction, the proper thermophysical/chemical param-
eters are considered and the limits of the reaction zone are
determined for each node in the numerical calculation. At
any given time, the fraction reacted and enthalpy of the
current iteration are calculated from the previous fraction
reacted and enthalpy of the earlier iteration. The range of the
enthalpy as well as the molar ratio among each material for
each node is thus determined, and the values of temperature,
density, and thermal conductivity at each node can be further
calculated in appropriate zone.

The various thermophysical/chemical parameters, such
as thermal conductivity, density, and heat capacity of the
reactants and product, are assumed to be independent of
temperature, but they are different in each state. The average
values of these parameters vary as the reaction proceeds,
depending upon the degree of reaction. The parameter values
used in the computational calculation are shown in Table
1 [24] and Table 2 [25, 26]. In this study, the combustion
temperature is defined as the highest reaction temperature
during micropyretic synthesis, and the propagation velocity
is the velocity of the combustion front propagation. In
addition, the higher preexponential factor (Ko) value, 1.0 ×
1010 1/s, is used to be capable of illustrating the variation of
the propagation velocity for the Ti-B micropyretic reaction.

2. Results and Discussion

2.1. Ti-B Micropyretic Reaction. It has been proposed that the
micropyretic/combustion synthesis includes the diffusion
and the capillary-controlled reaction mechanisms, which
are dependent on the size of the reactant particle [27–29].
Following the study of Nekrasov et al. [29], the diffusion
control is dominant when

d2
l �

2σλdh
μν2

∗ ln
[
Tc − To

Tm − To

]
, (3)

where dl and dh are the diameters of the particle sizes for
the low melting point component and high melting point
component, respectively. The other symbols and the values
of the variables used for calculating (3) are shown in Table 3
[24–26, 30]. The Ti particle (low melting component) size
threshold between the diffusion-controlled and the capillary-
controlled combustion propagation may be thus calculated
using (3). Employing (3), we note that the diffusion control
can take place when the B size (diameter) should be higher
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Table 3: The thermophysical/chemical parameters for the molten
Ti (at 1933 K) used in the calculation of (3) [24–26, 30].

Σ Surface tension 1.46 N/m

Λ Thermal diffusivity, [= K/(D·Cp) ] 4.4 × 10−6 m2/s

K Thermal conductivity 13 J/(m·s·K)

D Density 4300 Kg/m3

Cp Heat capacity 682 J/(Kg·K)

μ Viscosity 0.002 s(N/m2)

Tm Melting point 1933 K

ν Propagation velocity 0.02 m/s

To Initial temperature 300 K

Tc Combustion temperature 2700 K

than 0.14 nm for 30 μm Ti. The boron sizes we used in
this study are in the microscare (−60 mesh and −325
mesh, <250 μm and <44 μm) and are much higher than
the correspondingly calculated critical size. Thus the studied
mixtures are expected to be all in the range of diffusion-
controlled combustion.

For investigating the possible titanium boride reaction
mechanism in the Ti-B binary system, a sample with larger
B particles (−60 mesh (<250 μm)), which propagates at
a lower velocity, is intentionally extinguished during the
propagation. It is inferred from microstructures that as the
combustion starts, the unreacted portion in front of the
combustion front is preheated by the released energy. The
temperature of the unreacted portion is increased to a high
level, melting the less refractory phase (Ti). The molten
Ti encapsulates the nonmelting B particles (Figure 2). The
resultant increase in the contact area between Ti and B sig-
nificantly increases the reaction kinetics. The reacted pro-
duct subsequently forms a layer on the surface of the non-
melting B particle. The exothermic heat of the product for-
mation is released and conducts to unreacted materials,
which in turn react, continuing the chain reaction.

From the diffusion-control mechanism theory and the
observed microstructures (Figure 2), we propose the follow-
ing reaction sequences for Ti-B reaction. (1) The Ti particles
first melt and flow around the B particles. (2) The contact
efficiency of B particles with the Ti liquid is now increased
and the molten Ti ignites the rapid reaction. (3) An interme-
diate complex forms. (4) The Ti atoms diffuse from the melt,
across the complex, to readily react with the B particle at its
surface. (5) The intermediate complex of reaction is dissolved
on the Ti-liquid side. Fresh new intermediate complex phase
is formed between the intermediate complex phase and B
particle at such a rate that the thickness of the complex is
a constant. (6) The final Ti-B stoichiometric product is then
precipitated from the molten liquid.

Figures 3(a) and 3(b) show the microstructures for the
Ti-B reactions with the different compositions. Note from
Figure 3 that microstructures are significantly changed when
the composition is varied from 10 wt.% B to 25 wt.% B.
The formation of the nanosize feature is only observed in
the composition with 10 wt.% B. The average measured
propagation velocity for the composition with 25 wt.%

5 μm

Figure 2: SEM morphologies of the Ti-B reacted zone. As the
combustion commences, when the temperature of the unreacted
portion is increased to a high level, the less refractory phase (Ti)
is first melted. The molten Ti then encapsulates the nonmelting
B particles and the resultant increase in the contact area between
Ti and B dramatically increases the reaction kinetics. The reacted
product subsequently forms on the surface of the nonmelting B
particle.

B (>20 cm/s) is much higher than that for composition
10 wt.% B (0.96 ± 0.32 cm/s). The combustion temperature
for the composition with 25 wt.% B exceeds the upper
limit of thermocouples, and the combustion temperature is
increased with the increase in the propagation velocity, as
shown in Table 3. These experimental demonstrations show
that the changes in the processing parameters influence the
combustion temperature and propagation velocity, further
altering the microstructures and properties of the synthe-
sized products. To understand the processing parameters as
nanosize structures form, the computer simulation is then
used to aim towards an understanding.

2.2. Numerical Study Is Used to Forecast the Formation of
Nanosize Structures. The previous experimental and nu-
merical studies [12, 15, 16] have shown that the processing
parameters, including the initial temperature, reactant parti-
cle size, diluents, compact density, compositions, exothermic
heat, and activation energy have a significant impact on the
reaction parameters, like propagation velocity and combus-
tion temperature. A change in the reaction parameters has
significantly influenced the properties of the synthesized
products. It is noted that the combustion temperature and
propagation velocity are increased as increasing the initial
temperature or exothermic heat or are decreased as increas-
ing the reactant size, activation energy, or amount of the
diluents.

Figure 4 shows the numerical calculating results for the
temperature-time plots for the compositions with the dif-
ferent processing parameters (different values of activation
energy). The micropyretic reactions are ignited by ignition
power (per gram) of 175 Joule/(ms·g) at the position 0 cm,
and the heating sources are removed immediately after
the combustion front has been ignited. The interval time
between two consecutive time steps (profiles) in Figure 4 is
0.001 s. It is found from Figure 4(b) that the combustion



Journal of Nanomaterials 5

5 μm

(a)

10 μm

(b)

Figure 3: SEM morphologies of the Ti-B reacted zone. (a) Ti + 25 wt.% B combustion and (b) Ti + 10 wt.% B combustion.
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Figure 4: Time variations of the combustion front temperature along the TiB2 specimen with the preexponential factor of 1 × 1010 s−1.
The interval time between two consecutive time steps (profiles) is 1.0 ms. The ignition power is taken as 175 Joule/(ms·g) in the numerical
calculation. The activation energy in (a), (b), and (c) are taken as 254.4 KJ/mole (80% of reported experimental value) [27], 318.0 KJ/mole
(reported experimental value), and 381.6 KJ/mole (120% of reported experimental value), respectively.

front takes 21.04 ms to start propagating for the Ti-B
micropyretic reaction with the reported experimental acti-
vation energy (318 KJ/mole) [27]. This ignition time interval
corresponds to the ignition energy of 3682.0 Joule/g. Figure
4(b) also displays an alternating increase and decrease in the
temperature and propagation velocity during the combus-
tion front propagation, indicating that the combustion front
for Ti-B micropyretic reaction propagates in an unstable
oscillatory manner. When 80% of reported experimental
activation energy value is taken in the numerical calculation,
the propagation manner is noted to change from unstable
manner to stable manner; in addition, the ignition time is
reduced from 21.04 ms to 16.38 ms, which corresponds to
the ignition energy of 2866.5 Joule/g (Figure 4(a)). When
120% of reported experimental activation energy is taken
in the calculation, the ignition time is increased to 25.66 ms
(corresponding to the ignition energy of 4490.5 Joule/g) and
the combustion front extinguishes immediately after the start
of propagation (Figure 4(c)).

It is known that the decrease in the propagation velocity
reduces the oscillating combustion temperature. A further
decrease in the velocity may extinguish the propagation
of the combustion front. The study of Borovinskaya et al.
[8] also shows the oscillating patterns for Ti- (and Ta-,
Nb-, Zr-) B reaction. Thus, the above results generated
from the above numerical demonstrations indicate that
the nanowhisker formation can be acquired only at the
low reaction temperature but without stopping the chain
reaction. This study next tries to select the proper reaction
temperature to synthesize the nanosize material by changing
the reactant compositions.

2.3. Selection of the Proper Processing Parameters to Synthesize
Nanosize Products. Figure 5 shows the SEM morphologies
of the synthesized products with different boron content.
It is noted from Figure 5 and Table 4 that the sizes of the
whiskers are decreased with the decrease in the combustion
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Figure 5: SEM morphologies of the Ti-B whiskers. (a) Ti + 10 wt.% B combustion and (b) Ti + 17.5 wt.% B (b) Ti + 20 wt.% B combustion.

Table 4: The combustion temperature, propagation velocity, and the diameter of whisker for the compositions with different boron contents.

Boron content (wt.%) Combustion temperature (K) Propagation velocity (cm/s) Diameter of whisker (μm)

25.0 >2100 >20 NA

20.0 1980 ± 26 8.52± 1.52 6.96± 2.18

17.5 1845 ± 18 7.12± 1.46 3.96± 1.57

15.0 1672 ± 11 1.92± 0.84 1.65± 0.46

10.0 1513 ± 15 0.96± 0.32 0.64± 0.35

temperature. The new nonwhisker structures are observed
when the combustion temperature exceeds 2100 K. It is ex-
pected that the average measured combustion temperature of
composition with 25 wt.% B is much higher than the melting
point of TiB phase. The TiB whiskers may be melted and then
solidified. The nonwhisker microstructure is thus formed.

The whisker structures are further analyzed by XRD.
The X-ray patterns show that the whisker structures tend
to be the TiB phase. Similar Ti-B whisker morphologies
have also been observed in several studies [31–34]. In the
study of Andrievskii et al. [31], it was shown that TiB2

(hexagona1 type) and TiB (orthorhombic type) are probably
characterized by anisotropy of surface energy, and conse-
quently the grains are expected to be faceted. Hashimoto et
al. [32] found that at sintering temperatures of 1373 K, and
1473 K the needle- or fiber-type TiB2 precipitates when the
coarse B powder (∼150 μm) is chosen. Hyman et al. [33]
performed extensive as-cast-binary as well as TEM studies on
the formation of TiB and TiB2 in the ternary Ti-Al-B system.

It was shown that the crystal structures of both TiB and TiB2

are based on the same building block and have the same
needle-like morphology [33]. Similar whisker-like structures
are also observed on the Ti-B compounds by micropyretic
synthesis [34]. Yang et al. [34] show that the morphologies
of the combustion synthesized Ti-B compounds varied from
flake type to whisker type, depending on boron content.

2.4. Robust Check of the Error of the Measured Sizes and
Temperatures. Arrhenius-type plot of size and temperature
is used to calculate the activation energy of Ti-B reaction.
As compared with the reported experimental value, the
calculated activation energy can be used to verify the accu-
racy of the measured size and temperature in this study.
The diameters of the TiB whisker-type structures are noted
to increase when the combustion temperature is raised by
changing the composition. The correlation of the whisker
diameter with the temperature is thus used to calculate



Journal of Nanomaterials 7

0

2

4

6

8

0.00045 0.0005 0.00055 0.0006 0.00065 0.0007 

1/(temperature) (1/K)

2 
ln

 (
w

h
is

ke
r 

di
am

et
er

 (
μ

m
)

Figure 6: Arrhenius-type plot of the TiB whisker diameter and
combustion temperature.

the activation energy [35–38]. The general relation between
the whisker/grain size and the temperature is expressed as
[35, 36]

2 ln(D) = − E

RT
+ constant, (4)

where D is the grain size or whisker diameter, E is the
activation energy for the whisker growth, T is the com-
bustion temperature, and R is the universal constant (=
8.314 J/mole/K). As employing (4), the activation energy
for TiB whisker growth is determined from the plot of 2
ln(D) and 1/T . From an Arrhenius-type plot in Figure 6, the
activation energy for the whisker growth is calculated to be
231 KJ/mole. As compared with the reported values for TiB
combustion, 230 KJ/mole [39] or 251 KJ/mole [40], which
was approached from the combustion wave velocity and
temperature profile investigation, respectively, the calculated
value for the whisker growth is in good agreement with
the reported values for the Ti-B combustion, verifying the
accuracy of the measured size and temperature in this study.

In addition, from the Arrhenius-type plot of diameter
and measure combustion temperature, we can also forecast
the reaction temperature for the nanosize whisker. Note from
the calculated results that the <10 nm TiB whisker starts
to form when the combustion temperature is decreased to
1500 K.

3. Summary and Conclusions

Processing of TiB compound by micropyretic synthesis is
carried out in this study. Experimental study and numerical
simulation are both used to investigate the correlation of
the processing parameters on the microstructure of the
synthesized products. It is noted that nanosize TiB whisker
is expected to occur when the combustion temperature is
lower but higher than the extinguish temperature. The results
generated in the numerical calculation can be used as a
helpful reference to select properly the processing route of
producing nanosize features product. The Arrhenius-type
plot of size and temperature is also used to calculate the
activation energy of TiB reaction. The calculation activation
energy is in a good appointment with the reported value,

verifying that the accuracy of the experimental measures of
the grain size in this study. In addition, the Arrhenius-type
plot can be used to forecast the combustion temperature for
producing nanosize TiB whisker.

Nomenclature

Cp: Heat capacity, Jkg−1 K−1

E: Activation energy, Jmole−1

h: Surface heat transfer coefficient, Jm−2 K−1 s−1

Ko: Preexponential factor, s−1

Q: Exothermic heat of reaction, Jmole−1

R: Universal gas constant, Jmole−1 K−1

T: Temperature, K
To: Initial temperature of the unreacted compact, K
t: Time, s
z: Dimensional coordinate, m
d: Diameter of the specimen, m.

Greek Letters

κ: Thermal conductivity, Jm−1 s−1 K−1

Φ: Reaction rate, s−1

ρ: Density, km−3

η: Reacted fraction.
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Single-crystalline ZnTe hierarchical nanostructures have been successfully synthesized by a simple thermal evaporation
technology. The as-prepared products were characterized with X-ray diffraction (XRD), scanning electron microcopy (SEM),
transmission electron microscope (TEM), and photoluminescence spectrum (PL). These results showed that the ZnTe hierarchical
nanostructures consisted of nanowires and nanolumps. The room temperature PL spectrum exhibited a pure green luminescence
centered at 545nm. The growth mechanism of hierarchical nanostructure was also discussed.

1. Introduction

As an important member of groups II–VI semiconductors,
ZnTe (band gap 2.26 eV) [1] has attracted much attention
due to outstanding optoelectronic and thermoelectric prop-
erties [2, 3], and it is now widely used for nanometer-
scale electronics and optoelectronics [4–9]. Several methods
have been explored to grow ZnTe-based nanostructures [10–
12]. Li [13] and coworkers reported that the semiconduc-
tor ZnTe nanowire arrays have been synthesized by the
pulsed electrochemical deposition from aqueous solutions
into porous anodic alumina membranes. Jun [14] and
coworkers reported that the synthesis of spherical and rod-
like nanocrystals using a single molecular precursor ([Zn
(TePh)2][TMEDA]). Recently, the synthesis of ZnTe/CdSe
core/shell spherical NCs with varied core sizes and shell
thicknesses, as well as their widely tuned emission from
the visible to near-infrared regions, was reported by Xie’
and coworkers [15]. Conversely, ZnTe nanorods were pref-
erentially synthesized using autoclave reactions [16, 17].
Compared with the sample nanostructures, the hierarchical
nanostructures have attracted a great deal of attentions over
the past few years due to their improved light absorption
efficiency and carrier transport. However, the ZnTe with
hierarchical nanostructures has not been reported so far.

In this paper, highly crystallized ZnTe hierarchical nanos-
tructures are synthesized on graphite wafers using a simple
thermal evaporation technology. The as-prepared samples
are characterized by scanning electron microcopy (SEM),
transmission electron microscopy (TEM), and X-ray diffrac-
tion (XRD). These results showed that the ZnTe hierarchical
nanostructures consist of nanowires and nanolumps. The
possible growth mechanism has also been discussed.

2. Experimental Section

The thermal evaporation apparatus for sample fabrication is
illustrated in Figure 1.

Source materials of high pure ZnTe (99.99%) powder
were placed in an alumina boat which is in the heating
center of a horizontal alumina tube furnace. After a piece
of graphite wafer was cleaned in piranha solution (30%
H2O2/20% H2SO4) and rinsed with deionized water, it
was placed downstream to act as deposition substrates
for materials growth. The distance between the graphite
substrate and the source material is 15 cm. Prior to heating,
the system was evacuated and flushed with high pure Ar
for 1 h to eliminate oxygen. Then the furnace was heated
to 1000◦C in 120 min and held at this temperature for
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Figure 1: Schematic illustration of the furnace used in the experi-
ment.

60 minutes, and subsequently cooled to room temperature
under a constant flow rate of 300 SCCM (standard cubic
centimeters/minute) Ar.

A Philips XL 30 FEG scanning electron microscope
(SEM) with an energy-dispersive X-ray spectroscope (EDS)
was used to observe the morphologies and elemental compo-
sitions of the samples. An X-ray diffractometer (XRD) (Japan
Mac science) with Cu Kα radiation was used to obtain phase
compositions of the samples. A JEOL 2010 transmission
electron microscope (TEM) with selected-area electron
diffraction (SAED) was used to analyze the morphology and
microstructure. A Hitachi F-7000FL spectrophotometer was
used to measure the room-temperature photoluminescence
(PL).

3. Results and Discussion

The large amount of hierarchical nanostructures obtained in
such experiments is demonstrated in Figure 2(a). It indicates
that high-density nanowires are grown homogeneously on a
large area of the graphite wafer. The diameters of the main
nanowires range from 300 to 500 nm, and their lengths are
in the range of several ten micrometers. The SEM images
of the typical 1-fold nanostructure where the nanoparticles
grow on one side of the primary nanowires are shown in
Figures 2(b) and 2(c). It can be clearly observed that the
nanowires are lumpy on the surface, and the nanoparticles
have diameter of about 200−1000 nm. The corresponding
EDS spectrum inserted in Figure 2(b) indicates that the
hierarchical nanostructure is composed of 51% Zn and 49%
Te atoms, close to 1 : 1 stoichiometry of ZnTe. The crystal
structure and phase composition of the obtained products
were characterized by powder X-ray diffraction (XRD) in
Figure 2(d). All the diffraction peaks match well with the
standard powder diffraction data (JCPDS no. 65-0385), the
four strongest peaks of the product could be indexed to
the (111), (200), (220), and (311) planes of the cubic zinc-
blende-structured ZnTe with a lattice constant of a = 6.10 Å.
XRD diffraction peaks from Te, Zn, or other impurities are
not observed in the products.

The morphology and microstructure of the products are
further checked using TEM. Figure 3(a) is the morphology
TEM image of the lumpy nanowires. It can be seen that

a typical feature of ZnTe hierarchical nanowire consists of
nanowires and nanolumps. The nanowires have a diameter
of about 200–250 nm, and the height of the “lumpy hills”
ranges from 100 to 300 nm. The area marked with 1 and
2 is magnified to get the high-resolution TEM images, as
shown in Figures 3(b) and 3(c), respectively. It is shown
that both the trunk and the edge have the uniform crystal
structure, showing the lattice fringes of the {−220} and
{−1–11} planes with a d spacing of 0.21 nm and 0.35 nm,
respectively. Electron diffraction (Figure 3(d)) shows that the
growth direction of the ZnTe hierarchical nanowire is [–220].

Vapor-solid (VS) and vapor-liquid-solid (VLS) mecha-
nisms have been widely used to explain the formation of one-
dimensional structures [18, 19]. In our work, we considered
that the formation of ZnTe hierarchical structures could
be explained by the VS mechanism. The process is shown
in Figure 4, and four steps are present. Firstly, with the
increasing temperature of source, the ZnTe powders start
evaporating. Secondly, the Zn and Te2 gas flows with the
Ar carrier gas to the low-temperature area, and react with
each other. The ZnTe nanowires grew by means of a self-
catalyst vapor solid (VS) mechanism. Thirdly, when the
temperature is lower, some ZnTe nanodroplets are formed in
the atmosphere and adhered to the surface of newly formed
ZnTe nanowires. Finally, Zn and Te2 vapor species dissolve in
ZnTe droplets continually and ZnTe hierarchical structures
were obtained. These chemical processes are expressed as (1),
(2), and (3):

ZnTe(s) −→ ZnTe
(
g
)
, (1)

2ZnTe
(
g
) −→ 2Zn

(
g
)

+ Te2
(
g
)
, (2)

2Zn
(
g
)

+ Te2 −→ 2ZnTe(s). (3)

Room-temperature PL properties of the ZnTe hierarchi-
cal structure was also investigated using a He–Cd laser line at
325 nm as the excitation source (Figure 5). Previous reports
have shown that the PL properties of ZnTe are sensitive to the
morphologies which are influenced by synthetic conditions.
For example, Tooru and coworkers reported that PL spectra
of ZnTe homoepitaxial layers exhibited a sharp excitonic
emission at 2.375 eV [20]. In our experiment, the spectrum
exhibits a green emission centered at 545 nm (2.277 eV),
which is higher than the band gap of bulk Zinc blende (Eg =
2.26 eV). We believe that the small blue shift of the PL peak
is caused by anti-Stoke’s shift.

4. Conclusion

In summary, ZnTe hierarchical structures were successfully
synthesized via a simple thermal evaporation technology.
SEM, EDS, and TEM show that the ZnTe hierarchical nanos-
tructures consist of nanowires and nanolumps. Vapor-solid
(VS) growth mechanism was proposed for the formation
of ZnTe hierarchical structures. Photoluminescence (PL)
measurements at room temperature also demonstrate that
the synthesized ZnTe hierarchical structures emit a strong



Journal of Nanomaterials 3

Magn
2500x

WD
4.9

20μm

(a)

Magn
12500x

Det
SE

WD
4.7

5 μm

(b)

Magn
50000x

Det
SE

WD
4.7

1 μm

(c)

(111)

(220)

(200)

(311)
In

te
n

si
ty

 (
a.

u
.)

20 30 40 50 60
Degree (2θ)

(d)
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and stable green light and that their luminescent peak is at
about 545 nm.
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We report synthesis of CdSe and CdTe quantum dots (QDs) from the bulk CdSe and CdTe material by evaporation/co-
condensation using the solvated metal atom dispersion (SMAD) technique and refined digestive ripening. The outcomes of
this new process are (1) the reduction of digestive ripening time by employing ligands (trioctylphosphine oxide (TOPO) and
oleylamine (OA)) as capping agent as well as digestive ripening solvent, (2) ability to tune the photoluminescence (PL) from
410 nm to 670 nm, (3) demonstrate the ability of SMAD synthesis technique for other semiconductors (CdTe), (4) direct
comparison of CdSe QDs growth with CdTe QDs growth based on digestive ripening times, and (5) enhanced PL quantum
yield (QY) of CdSe QDs and CdTe QDs upon covering with a ZnS shell. Further, the merit of this synthesis is the use of bulk
CdSe and CdTe as the starting materials, which avoids usage of toxic organometallic compounds, eliminates the hot injection
procedure, and size selective precipitation processes. It also allows the possibility of scale up. These QDs were characterized by
UV-vis, photoluminescence (PL), transmission electron microscopy (TEM), high-resolution transmission electron microscopy
(HRTEM), X-ray photoelectron spectroscopy (XPS), and powder XRD.

1. Introduction

The solvated metal atom dispersion (SMAD) technique
allows the synthesis of nanomaterial from the bulk material
by vaporization and cocondensation [1–8]. The as-prepared
poly-dispersed SMAD colloid products were made monodis-
persed in size by a unique process known as digestive
ripening [9]. Digestive ripening involves the heating of
polydispersed colloidal material at or near the boiling point
(BP) of solvent in the presence of excess surface active ligand
[1–11]. In the present work, we employed trioctylphosphine
oxide (TOPO) and oleylamine (OA), which served both
as capping agent as well as digestive ripening solvent. The
general procedure for the synthesis of high-quality crys-
talline II-VI semiconductor material is by the hot injection
method, where cadmium precursor (CH3)2Cd or CdO is
dissolved in coordination ligands like trioctylphosphine
oxide, hexylphosphonic acid, or tetradecylphosphonic acids,

and then the selenium precursor (Se dissolved in TOP)
quickly injected into the hot coordination reaction mixture,
which initiated the nucleation process, and subsequent
growth was carried out at a relatively lower temperature,
and this process was initially reported by Murray et al. [12],
and later, Peng et al. and Talapin et al. have developed the
hot injection procedure [13–19]. One of the advancements
in this process was selecting an injection temperature and a
growth temperature. This high reaction temperature (>150–
350◦C) facilitates the removal of crystalline defects and
allows enhancement in the photoluminescence. In semi-
conductor QDs, high emission efficiency from a band-edge
state is required especially when these are used in lasers
or imaging. In general, a high band gap inorganic material
coating over the QD core has been proven to enhance
the QY by passivating surface nonradiative recombination
sites. Typically, II-VI semiconductor QDs are covered with
a high band gap ZnS shell, which was initially developed
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Figure 1: (a) as-prepared SMAD CdSe-THF-TOPO-OA colloidal solution after vigorous stirring for a period of 45 minutes (b) as-prepared
siphoned CdSe-THF-TOPO-OA colloidal solution (c) semi-solid CdSe-TOPO-OA after complete vacuum evaporation of THF solvent (d)
CdSe-TOPO-OA colloid after gentle warming.

by Hines and Guyot-Sionnest [20]. These two methods (hot
injection and ZnS shell covering) have been widely used to
achieve narrow-size particle distribution and enhance QY.
In addition to the above method, other routes like layer by
layer ZnS passivation [21], CO2 gas-expanded liquids [22],
surface treatments with polymers [23], and sonochemical
processes [24] were used. In the current work, we adopted
the sonochemical procedure for the growth of ZnS shell over
CdSe and CdTe QD core.

2. Experimental Section

2.1. Chemicals. Bulk cadmium selenide(CdSe) and bulk cad-
mium telluride (CdTe) (99.9%, Strem Chemicals Inc), oley-
lamine (98%) from ACROS Organic chemicals, trioctylphos-
phine oxide (TOPO) (Reagent Plus 99%), trioctylphosphine
(TOP), tributyl phosphine (PBu3), zinc nitrate hexahydrate,
and potassium ethylxanthate were purchased from Sigma-
Aldrich and used without further purification. Tetrahydro-
furan (THF), acetone, and methanol were purchased from
Fisher Scientific. Tetrahydrofuran solvents were distilled and
degassed four times by the standard freeze-thaw procedure
prior to use. Oleyl amine was purged with argon for 2 hrs
prior to use.

2.2. Synthesis of as-Prepared SMAD Colloid. A stationary
reactor [25] was used for the evaporation and cocondensa-
tion of bulk CdSe or CdTe. Briefly, 1 g of either bulk CdSe
or bulk CdTe was evaporated using water cooled copper
electrodes and the generated heat during the evaporation was

dissipated by water cooled copper electrodes and insulating
packing material (Zircar product, Inc.) around the crucible
and metal basket. The optimum temperature required for
the evaporation of bulk CdSe is ∼900◦C, whereas, for bulk
CdTe, it is less than 900◦C. Initially the bulk material was
charged in C9 boron nitride crucible (R.D. Mathis # C9-BN)
resting in a metal basket (R. D. Mathis # B8B # x.030 w), and
the ligands were placed at the bottom of the SMAD reactor
and the entire setup was then vacuum sealed. After complete
evacuation, a liquid N2 Dewar was placed around the sealed
SMAD reactor. Once the vacuum attains 4 × 10−3 torr,
initially 50 mL of distilled and degassed THF was evaporated
through a solvent shower head, which was inserted into the
reactor. The evaporated solvent was condensed on the wall
of SMAD reactor by external liquid nitrogen cooling. After
the formation of condensed solvent matrix on the walls, the
metal crucible was heated by water cooled copper electrode,
and the heat was ramped slowly and the evaporated material
was cocondensed along with the solvent on to the walls of
reactor. Cocondensation of evaporate material along with the
solvent restricts aggregation and allows formation of small
crystallites. It took nearly 3 hrs for the complete evaporation
of 1 g of bulk material. The frozen matrix appears reddish
brown (Figure 1). Upon warming up of the frozen matrix
with a heat gun, the matrix melts and slowly reaches the
bottom of the reactor and mixes well with the coordinating
ligands (TOPO with OA). To ensure homogeneous colloid
formation, the system was vigorously stirred for 45 minutes
with a magnetic stirrer. Figure 1(a) shows the as-prepared
CdSe-THF-TOPO-OA colloidal solution after vigorous stir-
ring. The as-prepared SMAD product was then siphoned



Journal of Nanomaterials 3

500 nm

(a)

100 nm

(b)

100 nm

(c)

100 nm

(d)

100 nm

(e)

50 nm

(f)

(g)

Figure 2: The TEM images of (a) as-prepared SMAD product, (b) after 10 min (c) after 20 min and (d) after 40 min of digestive ripening.
(e) after 60 min, and (f) after 90 min of digestive ripening (g) CdSe QDS samples collected at various intervals of digestive ripening time
upon exposure to UV-Vis illuminator.

into a Schlenk glass tube under the protection of argon
(Figure 1(b)). Safety and cleanliness: prior to synthesis, the
SMAD reactor was cleaned with aqua regia, base bath,
acid bath, and finally with copious amount of water. While
working with vacuum lines it’s a must to wear protective
eye glasses. Both CdSe and CdTe are carcinogenic so, proper
protection is necessary while handing these chemicals. Also,
the acid and base bath used in cleaning may cause severe

burns, so proper acid proof gloves and protecting clothing
are necessary.

2.3. Preparation of CdSe-TOPO-OA Colloid. The THF from
the as-prepared CdSe-THF-TOPO-OA colloidal solution was
vacuum evaporated, leaving a THF solvent free semisolid
CdSe-TOPO-OA colloid (Figure 1(c)). Upon gentle warm-
ing, CdSe–TOPO-OA colloid was obtained (Figure 1(d)).
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Figure 3: (a)–(i) UV-vis absorption spectra and corresponding PL of CdSe QD samples collected at 10, 20, 30, 40, 50, 60, 70, 80, and 90
minutes of digestive ripening.
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Figure 4: Photoluminescence spectrum of CdTe QD samples col-
lected at 5, 10, 20, 30, 40, 50, and 60 minutes of digestive ripening.

This as-prepared product was then subjected to digestive rip-
ening. The same procedure was adopted for the synthesis of
the as-prepared CdTe-TOPO-OA system.

2.4. Refined Digestive Ripening. Digestive ripening is the key
step for the formation of quasimonodispersed core QDs. In
previous work, we used toluene and t-butyl toluene as a
digestive ripening solvent for the CdSe-TOPO-HDA system.
However, for the current work TOPO and OA were used as
digestive ripening solvent, as well as capping ligands.

2.5. ZnS Shell Formation on Core Quantum Dots. ZnS shell
formation over a core QD (CdSe or CdTe) was carried
out by a reported sonochemical procedure using zinc
ethylxanthate as precursor [24, 26]. In a typical ZnS shell
growth, aliquots (5 mL) of freshly synthesized core QDs were
placed in a reaction vessel and then it was placed in 100 W
sonicator (Fisher Scientifics), to which freshly prepared zinc
ethylxanthate (0.15 g) in tributylphosphine (3 mL) (PBu3)
solution was mixed when the sonication temperature was
60◦C. The sonication was continued until the temperature
of the reaction mixture reached to 120◦C to ensure complete
passivation of the QD core with the ZnS shell. During
this process, aliquots of reaction mixture were collected to
monitor the shell growth and no purification steps were
involved on the core solution before use. Isolation of core-
shell QDs was carried out by precipitation with anhydrous
methanol, followed by washing with acetone and methanol.
This process was repeated to remove any unreacted zinc
ethylxanthate and excess ligands. The coreshell QDs were
then vacuum dried and redispersed in toluene for transmis-
sion electron microscope (TEM) sample preparation. No size
selective precipitation step was carried out. The yield of core
QDs is about ∼78–80%.

3. Characterization

3.1. UV–vis Spectroscopy. UV-vis absorption spectra were
obtained using an in situ UV-vis optical fiber, assisted by
a DH-2000 UV-vis optical spectrophotometer instrument
(Ocean Optics Inc) for core QDs. The absorption spectra of
core-shell QDs were obtained using a Cary 500 Scan UV–vis–
NIR spectrophotometer. All samples were washed with abso-
lute ethanol, acetone, and were dried under vacuum. The
dried samples were then redissolved in toluene for analysis.

3.2. Photoluminescence Spectroscopy. Fluorescence spectra of
both core QDs (CdSe and CdTe) and core-shell QDs (CdSe-
ZnS and CdTe-ZnS) were measured by using a Fluoro Max-2
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Figure 5: TEM images of CdTe QDs, (a, b) as-prepared SMAD product before digestive ripening, (c) after 10 min of digestive ripening, (d)
after 20 min, (e) after 30 min (f) after 40 min of digestive ripening, (g) after 50 min and (h) after 60 min of digestive ripening, (i) samples
collected at various intervals of digestive ripening time under UV-vis illuminator.

instrument from HORIBA Jobin Yvon Company. These sam-
ples were all excited at 400 nm. Photoluminescence quantum
yields (QY) value (Φem) of QDs (CdSe and CdTe) and core-
shell QDs (CdSe-ZnS and CdTe-ZnS) were measured relative
to Rhodamine 6G in methanol, assuming it’s PL QYs as 95%
[27, 28], and the % yield were calculated by using (1).

Φem = ΦS
(

I
IS

)(
AS
A

)(
n2

nS2

)
. (1)

In 1, I (sample) and IS (standard) are the integrated emission
peak areas, up to 480 nm excitation. A (sample) and AS
(standard) are the absorption (<0.1) at 480 nm; n (sample)
and nS (standard) are the refractive indices of the solvents;

and the Φem and ΦS are the PL QYs for the sample and the
standard, respectively.

3.3. Transmission Electron Microscopy (TEM). TEM Studies
were Performed on a Philips CM100 operating at 100 kV. The
TEM Samples were Prepared by placing a few micro liters of
precipitated, washed, vacuum dried and redissolved sample
in toluene onto a carbon-coated formvar copper grid and the
grids were allowed to dry overnight.

3.4. High Resolution Transmission Electron Microscopy/Energy
Dispersive X-Ray Spectroscopy. High-resolution images were
performed with a FEI Tecnai F20 XT field emission trans-
mission electron microscopy operated at 300 kV. The energy
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Figure 6: Shell coating on digestively ripened CdSe QDs. The broad
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due to surface traps. But upon ZnS shell growth, the emission due
to surface traps was reduced and simultaneously enhanced PL can
be seen. The PL shift from 540 nm to 545 nm and then to 555 nm
indicates the growth of shell material on the CdSe Core.

dispersive X-ray (EDX) analysis was carried out in a scanning
electron microscope (SEM) mode, which is an integral part
of FEI Tecnai F20 XT. The experimental conditions are as
follow: energy resolution: 134 eV, reference energy: 5.9 keV,
minimum energy: 100 eV, detector thickness: 3 mm, detector
distance: 11.8 mm, and detector angle: 14.6◦. The facilities
were provided by the Microscopy and Analytical Imaging
Laboratory at the University of Kansas. Washing procedures
were the same as described above. However, a Lacey-carbon-
coated TEM grid was used.

3.5. Powder X-Ray Diffraction (PXRD). Powder X-ray di-
ffraction patterns were recorded by a Bruker D8 X-ray dif-
fractometer with CuKα radiation. PXRD samples were pre-
pared by the evaporation of toluene from the core or core-
shell QDs/toluene dispersion loaded on XRD glass plates.
The samples were scanned from 20 < 2θ < 80◦ at an
increment of 0.01◦/min, and the total acquisition time period
was more than 7 hrs.

3.6. X-Ray Photoelectron Spectroscopy. XPS data were col-
lected on a Kratos Axis 165 X-ray photoelectron spectrom-
eter operating in the hybrid mode using Al Kα (1486.6 eV)
radiation at 300 W. Charge neutralization was used to min-
imize sample charging, and the charge neutralizer settings
were 2.0 amps, 1.7 V charge balance, and 1.1 V bias. Survey
spectra were collected with pass energy of 160 eV, while high-
resolution spectra were collected with a pass energy of 20 eV.
Peak fitting was performed using CASA XPS software, using
peaks with a 50% Gaussian, and 50% Lorentzian line shape
on a Shirley background. The facilities were provided by
the shared experimental facilities (SEF) at the University of
Maryland.

4. Results and Discussion

4.1. Cadmium Selenide-Oleylamine-TrioctylPhosphine Oxide.
The as-prepared SMAD product generally yields polydis-
persed colloid material due to little control over the particle
size during vaporization and cocondensation [1, 2, 5–7]. In
previous work [1], we reported synthesis of CdSe QD from
bulk by vaporization/cocondensation, followed by digestive
ripening in toluene for 24 hrs and 16 hrs in t-butyl toluene.
In the current refined digestive ripening, we used TOPO
and OA in 30 : 20 ratio to the bulk starting material, which
act as both digestive ripening solvent as well as capping
agent. The as-prepared CdSe-TOPO-OA-THF (Figure 1(a))
colloid material is a homogeneous single phase. In order
to obtain CdSe-TOPO-OA colloid, the THF solvent was
vacuum evaporated resulting a semisolid CdSe-TOPO-OA
(Figure 1(b)) and the semi-solid nature (Figure 1(c)) of the
CdSe-TOPO-OA can be explained by the fact that TOPO
exists as a solid at room temperature, whereas OA is liquid.
The yield of CdSe QD is nearly ∼80% with variations in
batch to batch synthesis and the 20% loss was due to either
condensation of vaporized material onto copper electrodes,
or possibly to losses in handling. In this work, we also
employed OA as a solvent, as others have done [15, 29].
Compared to TOPO, OA is a weaker ligand and binds
less strongly to the CdSe, and thereby affects the growth
process [27, 30]. The as-prepared CdSe exhibited a broad
fluorescence, but within 90 minutes of digestive ripening,
the PL becomes sharper and can be tuned to 670 nm. The
reduction of digestive ripening time is attributed to the
higher boiling point of these ligands/Solvents. The poor-
fluorescence behavior of the as-prepared CdSe is due to
aggregation of small crystallites, which is evident from the
TEM image (Figure 2(a)).

During digestive ripening these aggregates of small crys-
tallites (Figure 2(a)), breakdown completely to form small
particles (Figure 2(b)) and grow into quasimonodispersed
particles (Figure 2(b)–2(f)), Figure 2(g) is the samples (col-
lected at various intervals of digestive ripening time) under
UV-vis illuminator.

It is important to note that in digestive ripening bigger
particles will break down into smaller particles and the
smaller particles will tend to grow bigger and finally the
system will reach a thermodynamic equilibrium size, and
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the PL data of CdSe can be correlated with the digestive
ripening phenomenon. With digestive ripening time, the
UV-Vis spectra shifts to longer wavelength and the PL peaks
sharpen (Figure 3(a)–3(i)) indicating the formation of quan-
tum confined quasimonodispersed quantum dots. A more
description about digestive ripening phenomenon can be
found in latest review article and the reference therein [31].

4.2. CadmiumTelluride–Oleylamine–Trioctyl Phosphine
Oxide. In case of CdTe, a similar trend was observed where;

the as-prepared SMAD product has broad fluorescence
peak but upon digestive ripening the fluorescence peak
narrows and shifts in wavelength. Under similar (250◦C)
digestive ripening temperature, the PL of CdTe can be tuned
to 667 nm but compared to CdSe it took only 60 minutes.
The as-prepared SMAD product is light yellow and turns
brighter yellow color, then red and finally to dark red,
which indicates rapid breakdown of aggregated crystallites
and dramatic growth of CdTe nanocrystals in the first 30
minutes of digestive ripening. After 30 minutes, the growth
rate decreased, indicating the formation of larger particles.
Figure 4 shows the PL of CdTe QDs with the progress of
digestive ripening time. As observed with CdSe, CdTe also
reaches an equilibrium size; where the initial FWHM was
broad but as digestive ripening time progresses the FWHM
has narrowed.

Figure 5(a) shows the as-prepared SMAD product TEM
images. Note the aggregated small crystallites in Figure 5(b),
but upon digestive ripening, these aggregates breakdown into
smaller particles and then grow in size (Figure 5(c)–5(h)).
Figure 5(i) shows the corresponding samples collected at
various time intervals from the same batch and these samples
were exposed to the UV-Vis illuminator.

4.3. Cadmium Selenide Core–Zinc Sulfide Shell QDs. Over
coating of semiconductor QDs with a high band gap
inorganic material enhances the photoluminescence QY by
passivating surface recombination sites [20]. Surface coating
not only protects the core nanomaterial from photooxidation
but also from physical and chemical stress. The evolution
of the PL from the CdSe-ZnS is depicted in Figure 6. It is
clearly shown that the PL peak becomes sharp and the red
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Figure 9: (a) XPS spectra of Cd, (b) Se, (c) Zn, and (d) S binding energy (eV) of CdSe-ZnS QDs, respectively.

shift is due to the further growth in the shell thickness. The
initial broadening in PL is obviously from the growth of shell
material, which is due to increase in particle size and further
shell growth resulting in a red-shift (from 568 nm to 577 nm)
of PL [32].

Figure 7 is the HRTEM images of (a-b) CdSe and (c-
d) CdSe/ZnS core shell quantum dots. The lattice mismatch
between the CdSe and ZnS is 12%, and resolving this by using
TEM is challenging [28, 32–34], but by measuring the aver-
age particle size on the HRTEM images of core, and by sub-
tracting the average particle size measured on the HRTEM
images of the core-shell will give an estimated shell thickness.

The average diameter of particle size measured on
HRTEM image of CdSe/ZnS core-shell (Figure 7(b)) is
4.8 nm and the average diameter measured on the core
(Figure 7(a)) is 3.6 nm. Therefore, the average shell thickness
on these particles is 1.2 nm. Core-shell QDs were also char-
acterized by energy dispersion spectroscopy (EDX) as show
in Figure 7(e), and the EDX measurements were recorded
in the scanning transmission electron microscopy (STEM)
mode, which shows both core and shell material.

After ZnS shell growth, the XRD patterns of CdSe core
were slightly shifted to higher 2-theta angle (Figure 8), which
supports the formation of ZnS shell over the CdSe core.
Further, broadening in XRD patterns represents the finite
crystalline size of the core. It is interesting to note that
in our previous study, when lower boiling point solvents
(toluene (BP 110◦C), t-butyl toluene (BP 190◦C)) were used
to digest as-prepared SMAD product, the particles retain
the crystalline nature of the bulk starting material, that is,
wurtzite (hexagonal) crystalline structure [1].

However, when digestive ripening was carried out at an
elevated temperature (250◦C) in presence of phosphine and
amine ligands, the particles attained a zinc blend (cubic)
crystal structure. This transformation is most likely due to
the reduction in growth rate [35] in presence of amine
ligand [36]. Further, at elevated temperature, the crystalline
defects are minimized resulting in enhanced quantum yield.
Addition of inorganic high bang gap ZnS shell further
enhanced the quantum yield from 36% to 60%.

It is also important to note that when toluene was used
as digestive ripening solvent, the measured QY was 11% and
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Figure 10: (a) Photoluminescence spectrum of CdTe/ZnS shell with sonication time, (b) HRTEM image of CdTeQDs after 30 min of digestive
ripening, (c) after ZnS shell, (d) the characteristic zinc blend planes of 111, 220, and 311 locating at 24.40◦, 41.60◦, and 47.90◦ for CdTe core
and at 24.94◦, 41.72◦, and 48.76◦ for CdTe/ZnS in the 10–60◦ 2Ø range and (e) the energy dispersive X-ray spectroscopy (EDS) measurement
showing the existence of cadmium, tellurium, zinc and sulfur.

a 28% QY was achieved with t-butyltoluene [1]. With the
higher digestive ripening temperature, the higher QY must
be due to removal of crystalline defects. The HRTEM images
(Figure 7) do show that the particles have good crystalline
nature of both core and core-shell particles.

Surface composition of CdSe and CdSe/ZnS QDs was
investigated with XPS. In Figure 9(a), the two strong peaks
located at 405.2 and 412 eV correspond to Cd 3d binding
energy of CdSe, and the peak at 54. 3 eV in Figure 9(b),
corresponds to Se 3d binding energy of CdSe [28, 37]. The
XPS spectrum of CdSe/ZnS core/shell NCs shows typical
peaks for ZnS, with Zn 2p3/2 and S 2p3/2 located at 1022
(Figure 9(c)) and 161.5 eV (Figure 9(d)), respectively. Based
on XPS data, the growth of ZnS shell on CdSe core is
confirmed.

4.4. Cadmium Telluride Core–Zinc Sulfide Shell QDs.
Figure 10(a) is the PL of the CdTe/ZnS core shell. The
measured QY of CdTe and CdTe/ZnS is 38% and 60%
respectively. The lattice parameters for CdTe c = 6.477 Å and
for ZnS c = 6.257 Å [38] and the lattice mismatch CdTe core
and ZnS shell are 19.8% [38]. Figure 10(b) and 10(c) are the
HRTEM image of CdTe QDs before and after addition of
ZnS shell. In order to confirm the formation of ZnS shell on
CdTe, energy dispersive X-ray spectroscopy (EDX) and the
powder XRD measurements were made. The EDX spectrum
in Figure 10(d) shows the existence of Te, Cd, Zn, and S in the
CdTe/ZnS sample. The sulfur peak at 2.3 keV and the Zn peak
at 8.9 keV in EDX spectrum indicate the existence of a ZnS
shell layer on the CdTe core. These results of the EDX spec-
trum further confirm the formation of the core/shell QDs.



10 Journal of Nanomaterials

414 412 410 408 406 404 402

300

600

900

1200

1500

1800

2100

Cd 3d 3/2

C
P

S

Binding energy (eV)

Cd 3d 5/2

(a)

590 585 580 575
700

800

900

1000

1100

1200

1300

1400

1500

1600 Te 3d 5/2
Te 3d 3/2

C
P

S

Binding energy (eV)

(b)

Binding energy (eV)

1060 1050 1040 1030 1020 1010
500

1000

1500

2000

2500

3000
Zn 2p 1/2

Zn 2p 3/2

C
P

S

(c)

Binding energy (eV)

170 168 166 164 162 160 158

200

300

400

500

600
S 2p

C
P

S

(d)

Figure 11: (a) XPS spectra of Cd, (b) Te, (c) Zn, and, (d) S-binding energy (eV) of CdTe-ZnS QDs, respectively.

The powder XRD patterns of CdTe and CdTe/ZnS core
shell are shown in Figure 10(e). The characteristic zinc blend
planes of 111, 220, and 311 located at 24.40◦, 41.60◦, and
47.90◦ for CdTe core and at 24.94◦, 41.72◦, and 48.76◦ for
CdTe/ZnS in 10–60◦ 2Ø range are observed. The position of
the XRD peaks of CdTe cores matched well with those of bulk
CdTe cubic structure (JCPDS No. 15–0770). After growth
of ZnS shell on the CdTe core, the peak position shifted
to higher angles towards the positions of bulk ZnS cubic
structure peaks (JCPDS No. 05–0566), which substantiates
the formation of CdTe/ZnS core shell.

In Figure 11(a), the two strong peaks located at 404.9 and
412 eV correspond to Cd 3d-binding energy of CdTe QD, and
the peak at 571.8, 581.9 eV in Figure 11(b) corresponds to
Te 3d binding energy of CdTe. In Figure 11(c), the strong
peaks 1021, 1044.eV correspond to Zn 2p and 161.5 eV in
Figure 11(d), correspond to S binding energy of CdTeZnS
QDs. These data of XPS provide the direct evidence of the
formation of CdTe/ZnS QDs.

5. Conclusions

We demonstrated the ability of the SMAD technique for
the synthesis of semiconductor cadmium selenide and

cadmium telluride quantum dots. Digestive ripening at high-
temperature (250◦C) was achieved by employing TOPO
and OA as digestive ripening solvents. Compared to CdSe
(90 min), the digestive ripening of CdTe was much faster
(60 min). High temperature digestive ripening facilitated the
removal of crystalline defects and allows enhancement in
the photoluminescence of both CdSe and CdTe. Further en-
hancement of QY (40 to 60%) was achieved by coating with
a high band gap inorganic ZnS shell by sonochemical pro-
cedure. Formation of ZnS over the core is evident from en-
hanced PL, XRD, EDX, and XPS analysis.
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Silica-gel matrices containing ionic liquid (IL) 1-butyl-3-methylimidazolium hexafluorophosphate viz. ionogels have been
synthesized using one-pot nonhydrolytic sol-gel method and taking tetraethyl orthosilicate (TEOS) as starting precursor. Effect
of ultrasonic irradiation on pore parameters of ionogels and vibrational properties of the IL upon confinement in the porous
matrix has been investigated. The synthesized gels have been characterized by BET, DSC, TGA, and FTIR. BET analysis shows
some changes in the pore parameters due to ultrasonic irradiation. DSC results indicate shift in glass transition temperature upon
confinement of the IL. The FTIR spectra show changes in vibrational bands on confinement, particularly, the bands related to
the imidazolium ring; aliphatic chain and anion PF6

− of the IL are found to shift upon confinement in porous silica matrix
obtained due to ultrasonic irradiation. Ultrasonic irradiation has been found to affect the gelation dynamics and kinetics and pore
parameters.

1. Introduction

Ionic liquids are novel materials, which are self-dissociating
and composed of organic cations and inorganic/organic
anions of varying size [1–7]. Due to dissociated ionic species,
ILs have high ionic conductivity. Besides high ionic conduc-
tivity, ILs have low vapour pressure, large electrochemical
window, high thermal stability, high chemical stability, wide
liquidus range and good capability of dissolving various
organic/inorganic materials. Low vapour pressure of ILs
attracted the attention of chemists in order to develop less
polluting chemical processes for synthesis. Recently, high
ionic conductivity is attractive from the point of view of
its application in electrochemical devices (like batteries,
fuel cells, super capacitors, electrochemical solar cells, and
electrochromic devices [8–12], etc.). However, its use gets
limited due to liquidus nature which results in difficulties
such as packaging, leakage and portability. Dai et al. [13]
for the first time introduced ionic liquid in porous silica
gels. Subsequently, these materials were termed as “ionogel”.
Now, the ionogels are being extensively investigated by many
researchers [14, 15]. The ionogels are suitable candidates

for applications in many devices such as fuel cell, elec-
trochemical sensor, biosensor, and catalysis, and as optical
solvent, biocatalysis [15]. The very nature of ionogels
involves entrapment of IL in nanopores. According to IUPAC
classification, based on pore diameter (d), porous materials
are grouped into three classes: (a) microporous, d < 2 nm;
(b) mesoporous, 2 nm < d < 50 nm; (c) macroporous,
d > 50 nm [16]. When IL goes into confined geometry
of matrix pore, since IL molecules are big, if the size of
the IL ≈ 9 Å (estimated from gauss-view) is of the order
of pore size [14], confinement is likely to change their
properties significantly. Therefore, many attempts have been
made to study IL in confined geometry. The confinement
involves the following. (i) Matrix pore size [17]. (ii) Pore
wall surface decoration/functionalization [18]. (iii) Type of
matrix: like oxide matrices SiO2, SnO2, and so forth, or
mesoporous conducting matrices of silver, single wall carbon
nanotubes, multiwall carbon nanotubes, and so forth [19].
The properties in oxide and conducting porous matrices
change differently because of the difference in the nature
and extent of IL-pore wall interaction. (iv) Some common
ILs with imidazolium and pyridinium cations with different
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anions. Most studies of ILs in confined geometry are focused
on the imidazolium-based cations [19–24]. In our earlier
experimental and theoretical studies on [BMIM][PF6], we
found that the cation ring gets weakly attached to the silica
gel surface oxygen leading to changes in melting point,
fluorescence, and vibrational bands [25]. It may be noted
that all the studies listed above including our study [18–25]
were on ILs with small anions. More recently, we have studied
the IL with large anion size [BMIM][OcSO4] and have
proposed a phenomenological model to qualitatively account
for the anion size dependence of melting point depression
[14]. Pore parameters are found to be the function of IL
loading. We feel that, apart from these factors, ultrasonic
irradiation may affect the pore parameters and other param-
eters of the matrix. With this view in mind, we have studied
the effect of ultrasonic irradiation on pore parameters of
the silica-gel matrix containing IL. We have monitored the
effect of ultrasound irradiation on changes in the following
properties of IL in confined geometry: pore parameters
(namely, porosity, pore size distribution, nitrogen sorption
characteristic, surface area and pore volume), cation ring
related vibrations, aliphatic chain C–H vibrations, and
vibrations of anion.

Since the rates of chemical reactions such as hydrolysis
and condensation in the sol-gel processes are very important
to synthesize the different microstructure of gels, different
methods have been used to control sol-gel processes. Ultra-
sonic irradiation can be used to control the gelation dynam-
ics and kinetics of gelation process. The effect of ultrasound
on chemical reaction in the sol-gel process is mainly due
to acoustic cavitation, which includes three discrete stages:
nucleation, bubble growth, and implosive collapse. If ultra-
sound wave is used, rapid compression of gas during
cavitational collapse leads to nearly adiabatic heating due
to slow thermal transport, thereby forming localized hot-
spot and bond cleavage or rearrangement cause, followed by
atomic and radical recombination and thermal and chemical
quenching [26–28].

The gels prepared by ultrasonic treatment are also called
“sonogels”. The sonogels have properties which differ from
those of the gels prepared without ultrasonic irradiation.
However, no study of the effect of ultrasound on the synthesis
of ionic liquid confined in silica matrix (ionogels) has been
reported. In the present study, the effect of ultrasound irradi-
ation on gelation and subsequent properties of ionogels has
been reported. To the best of our knowledge, this is first study
conducted to see the effect of ultrasonic irradiation on pore
parameters of ionogels.

2. Materials and Methods

2.1. Chemical. The ionic liquid [BMIM][PF6] and TEOS
were procured from Sigma-Aldrich (numerical prescribed
purity) and used as received except for vacuum pre-drying
and heating. The other chemical, that is, formic acid (GR
grade) was purchased from Merck, Germany.

2.2. Synthesis of IL-Confined Porous Silica Gel. IL-confined
porous silica gels (ionogels) have been prepared using

one-pot nonhydrolytic sol-gel method. tetraethyl orthosili-
cate (TEOS) as sol-gel precursor was mixed with formic acid
and IL ([BMIM][PF6]) at a TEOS/HCOOH/IL molar ratio of
1/8/0.4. Care was taken in handling of IL so that it does not
come in contact with ambient humidity (handled under dry
nitrogen atmosphere). Further, before use, the samples were
heated at a temperature of 100◦C for 12 hours and vacuum-
dried at a pressure of 10−3 Torr for 6 hours to remove traces
of water. The gel was finally vacuum-dried. Ionic-liquid-
confined silica gel of SiO2 + 65 wt% IL was prepared. It
was observed that the silica gel matrix containing 65 wt%
of the IL gets gelated in 40 minute, while upon ultrasonic
irradiation, gelation time reduced considerably. Monoliths
were aged at casting temperature for 15 days.

We have used low and high power continuous wave
sources for the ultrasonic irradiation of the sols. Power out-
put of low power continuous ultrasonic source (frequency
10 MHz) was 10 m watts while the power output of the high
power ultrasonic source (frequency 20 KHz) is 120 watts.
Ionic liquid, metallic precursor, and formic acid were taken
in the specially designed reaction vessel in the proportion
mentioned above. Resulting sol was exposed to ultrasonic
irradiation. The following three samples have been prepared:

Sample 1# IG: without ultrasonic irradiation,

Sample 2# IG1: low power ultrasonic irradiation,

Sample 3# IG2: high power ultrasonic irradiation.

The reaction vessel used for ultrasonic irradiation con-
sisted of a double-walled metallic (stainless steel) jacket
having inlet and outlet assembly for circulating thermostatic
fluid. At the bottom of the cylindrical vessel, a quartz crystal
of frequency 10 MHz was fitted which, when excited by radio
waves of same frequency, generated ultrasonic waves. These
waves passed through the sample. The assembly for the high
power ultrasonicator consisted of Vibronics Ultrasonicator
having 20 KHz transducer.

2.3. Characterization Methods

2.3.1. Pore Analysis. Surface area, pore volume, and pore size
were measured by BET (Brunauer-Emmett-Teller) method at
77 K on a Gemini V 2390 t from Micromeritics Instrument
Corporation (reproducibility of the system is ±0.01%, and
the molecular size of the adsorptive gas (N2) = 0.162 nm2

at 77 K [16]). Before the measurements were carried out, IL
was extracted by dissolving the gel ingot in acetone (at 60◦C)
and washing several times then subjecting to vacuum drying.
After drying, samples were degassed under the flow of N2 at
60◦C for 25 hr for BET analysis.

2.3.2. Thermogravimetric Analysis (TGA). The thermogravi-
metric analysis was done using a Mettler Toledo TGA/DSC
1 (degree of accuracy is ±0.3 K) at heating rate 10◦C/min
under N2 atmosphere, and the samples for TGA/DSC
measurements were put in Al2O3 pans. Each sample was also
dried at 80–90◦C for 5 h before the TGA measurement.

2.3.3. Differential Scanning Calorimetry (DSC). Measure-
ments of glass transition temperatures of the samples
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Table 1: Specific surface area, pore volume, pore diameter, and porosity of monolithic silica samples.

Sample name Average pore diameter (nm) Pore volume (cm3/g) BET surface area (m2/g) % Porosity

#IG 11.8 1.3 299 74

#IG1 14.8 1.4 251 75.5

#IG2 22.6 1.6 182 78

were carried out on a Mettler Toledo DSC-1 (with degree
of accuracy ±0.02 K). The samples were placed in 40 μL
hermetically sealed aluminum pan with pinhole at the top
of the pan, the samples inside the DSC furnace were exposed
to a flowing N2 atmosphere. Before the DSC measurement
test, each sample was dried at 80◦C for 5 hr.

2.3.4. Fourier Transform Infrared (FTIR) Spectra. The FTIR
spectra were recorded using Perkin Elmer spectrum 65 FTIR
spectrometer with 0.5 cm−1 resolution. The solid SiO2 : IL
composite was dispersed in KBr and pelletised for recording
the spectra of various SiO2 : IL samples. For recording the
spectra of IL (neat), a drop of IL was used to wet the KBr
pellet.

3. Results and Discussion

The gelification occurred in 40 minutes when no ultrasonic
irradiation was done, in 35 minutes, when sol was irradiated
with low power ultrasonic wave, while gelification occurred
in 25 minutes upon passage of high power ultrasonic
waves in the sol. Possibly, the passage of ultrasound wave
allows sol-gel particles to approach each other more easily
without large electrostatic barriers which enhances the rate
of condensation. Apart from the rate of condensation (or rate
of gelation), the size of pores also depends upon ultrasonic
irradiation. The sol-gel processes may have improved upon
ultrasonic irradiation. Figure 1 shows the radial contrac-
tion of gel (without ultrasonication) with time. From the
Figure 1, it can be seen that for initial few hours (approx.
50 hrs), radial contraction occurred at a rapid rate, while
after 50 hrs the contraction rate slowed down due to slow
evaporation of the solvent. Radial contraction shows the
exponential decaying trend.

3.1. BET Analysis. The pore sizes (as determined by BET)
of silica matrices (IL was extracted from the pores before
making N2-sorption studies) corresponding to 65 wt% of
IL (higher loading of IL was used intentionally, so that the
effect of ultrasonic irradiation (if any), is significant) in the
reaction vessel for #IG, #IG1, and #IG2 are given in Table 1.
From Table 1, it can be seen that the pore parameter is
maximum for #IG2, that is, high power ultrasonic irradiation
produces large pores; large pore size may be attributed to
large cavitation bubbles formed due to high power ultrasonic
irradiation (resulting a larger pores), while low power
ultrasonication produces smaller cavitation bubbles (hence
smaller pores). Ultrasonic irradiation increases pore volume
as well as porosity, and the highest porosity is observed
for sample #IG2. However, ultrasonic irradiation decreases
the surface area. IL-confined porous silica matrices were
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Figure 1: Radial contraction of disc shaped silica monolith ionogels
(without ultrasonication).

obtained with (low and high power ultrasonic irradiation)
and without ultrasonication, and corresponding isotherms
and pore size distribution curves are shown in Figure 2. From
Figure 2, it can be seen that there is sharp decline in the
desorption curve which is indicative of mesoporosity, while
the hysteresis between the two curves demonstrates that there
is a diffusion bottleneck. Inset of Figure 2 shows pore size
distribution curve, and from the curves it can be seen that the
low power ultrasonic irradiation resulted in nearly uniform
pore size distribution. SBET decreased by about 17% upon US
irradiation; there was larger decrease corresponding to high
power ultrasonic irradiation. Mass density of disk-shaped
monolith was found to decrease upon ultrasonication.

The % porosity of the samples was calculated from BJH
data using the following equation (1)

% porosity,ϕ = BJH pore volume
BJH pore volume + 1/ρ

, (1)

where ρ is the density of silica, (2.2 g/cm3) [29]. The %
porosity of the samples is given in the Table 1. It was found
that ultrasonication resulted in change in porosity, high
power ultrasonication resulted in larger change in porosity.

3.2. Change in the FTIR Bands of IL on Confinement. The
FTIR spectra of unconfined (bulk), confined IL with low as
well as high power are shown in Figure 3. Before taking any
measurement, we heated the IL-confined samples in order
to avoid the spurious peaks arising from residual solvent
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Table 2: Vibrational bands of IL ([BMIM][PF6]) and IL-confined samples (#IG, #IG1, and #IG2).

Vibrational bands (cm−1)

Bulk IL #IG #IG1 #IG2

1114 (in plane C–H bending of imidazolium ring) 1098 1104 1109

2880, 2941, 2968 (alkyl chain C–H vibration) 2881, 2942, 2969 2881, 2942, 2970 2881, 2942, 2969

3127 (cation ring C–H vibration) 3128 3128 3128

3172 (C2–N1–C5 vibration) 3175 3174 3174
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Figure 2: N2 adsorption-desorption isotherms and Pore-size distri-
bution (inset) of silica gel matrices: #IG (�), #IG1 (•), #IG2 (�).
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Figure 3: The FTIR spectra of (a) pure IL, (b) #IG, (c) #IG1, and
(d) #IG2.

left in the samples. The peaks of unconfined IL shift on
confinement as given below.

(i) The vibrational band related to PF6 at 837 cm−1

of bulk IL is shifted to 841 cm−1, 840 cm−1, and
841 cm−1 in samples #IG, #IG1, and #IG2, respec-
tively.

(ii) From Figure 4(a) and Table 2, it can be seen that
vibrational bands of bulk IL at 1114 cm−1 related

to in-plane C–H bending of imidazolium ring shift
to 1098 cm−1, 1104 cm−1, and 1109 cm−1 in samples
#IG, #IG1 #IG2, respectively. There is larger shift
corresponding to unradiated sample, while high
power ultrasonic irradiation results in the least shift.

(iii) The alkyl chain C–H vibrations at 2880 cm−1,
2941 cm−1, and 2968 cm−1, {see Figure 4(b) and
Table 2} of unconfined IL shift to 2881 cm−1,
2942 cm−1, 2969 cm−1; 2881 cm−1, 2942 cm−1,
2970 cm−1, and 2881 cm−1, 2942 cm−1, 2969 cm−1

in #IG, #IG1, and #IG2, respectively. It is important
to see that alkyl chain C–H vibrations in the present
study are not changing much.

(iv) The cation ring C–H vibrations as well as C2–N1–C5

vibrations at 3127 cm−1, 3172 cm−1{see Figure 4(b)
and Table 2} shift to 3128 cm−1, 3175 cm−1,
3128 cm−1, 3174 cm−1 and 3128 cm−1, 3174 cm−1,
respectively, in #IG, #IG1, and #IG2. The shift in
these vibrational bands can be attributed to the
interaction of H of the ring with the pore walls.

3.3. Thermal Stability. Figure 5 shows the thermogravimet-
ric analysis curve of the bulk IL, low power ultrasonicated,
high power ultrasonicated, and without ultrasonicated sam-
ples.

It is clear that thermal stability gets reduced upon
ultrasonic irradiation. Thermal degradation starts at approx-
imately 170◦C for all the samples having confined IL. Con-
fined ILs exhibits multistep degradation process. Thermal
stability gets reduced upon ultrasonic irradiation. For low
power ultrasonic irradiation, the onset of decomposition
temperature, Td, is 174◦C while high power ultrasonic irra-
diation onset, TD, is 177◦C.

3.4. Differential Scanning Calorimetry. DSC experiments
disclose the effect of confinement on the phase transition
of the ionic liquid within the ionogels. From the DSC
thermogram (Figure 6) it can be seen that the glass transition
temperature (Tg) for the bulk IL ([BMIM][PF6]) is about
−75◦C which becomes −76.4◦C for #IG2 sample, while
there is slight change in Tg for samples #IG1 and #IG
in comparison to #IG2. Thus, the decrease in the glass
transition temperature upon confinement of IL in sample
#IG2 is about 1.4◦C while, in samples #IG1 and #IG, is∼1◦C.
The decrease in the glass transition temperature (Tg) can be
explained on the basis of the following equation [14]:

ΔTg =
VΔαTg2Δσ

ΔCpR
, (2)
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where Δα is the thermal expansion coefficient, V is the
molar volume, Δσ is the difference between gas wall and
ionic liquid wall interfacial energies, Tg is the glass transition
temperature of unconfined IL, and ΔCp is the heat capacity at
constant pressure. The above equation describes the relation
between glass transition temperature and pore diameter (d =
2R). However, quantitative explanation is difficult (because
of complicated wall particle interaction).

4. Conclusion

Ionogels were prepared by both ultrasonic-assisted sol-gel
process and traditional sol-gel process. It has been found
that ultrasonic irradiation affects the gelation dynamics and
kinetics and results in changes in pore parameters. We have
also found a change in the glass transition temperature (Tg)
of the IL upon confinement. The result shows that ultrasonic
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Figure 6: Glass transitions of (a) bulk IL (BMIMPF6), (b) #IG2, (c)
#IG1, and (d) #IG.

irradiation produces changes in poreparameters, and pore
size distribution becomes uniform.
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ZnO nanocrystals were successfully produced by mechanical milling. It is shown that mechanical milling is very effective and simple
to produce ZnO nanoparticles with the possibility of obtaining large quantities of materials. Size effects in ZnO nanoparticles were
probed by XRD and UV-vis and photoluminescence (PL) spectroscopy. Absorption due to free electron was clearly observed,
whereas strong PL lines were recorded in the UV and blue region. The absorbance and photoluminescence were found to increase
with reduction in particle size. Blueshift of excitonic and emission peaks was observed as a consequence of the size quantization
effect. Formation of pure ZnO phase was confirmed from XRD pattern and the optical spectroscopy.

1. Introduction

Compared to bulk materials, nanoscale materials exhibit
large specific surface area and size-dependent quantum con-
finement effects. Nanoscale materials often have distinct elec-
tronic, optical, magnetic, catalytic, and thermal properties.
They provide a unique opportunity to observe the evolving
electronic structure of materials growing from molecules
to bulk. The investigations on size-dependent electronic
structure have revealed interesting properties including dis-
cretization of electron energy levels, concentration of oscilla-
tor strength, highly polarizable excited states, and increased
electron-electron correlation [1–4]. ZnO nanoparticles are
one of the important multifunctional materials due to their
unique optical and electronic properties [5–9]. It has a
wide band gap semiconductor, having high exciton binding
energy of 60 meV and has stable wurtzite structure with
lattice spacing a = 0.325 nm and c = 0.521 nm. Several
authors have reported high photoluminescence (PL) effi-
ciencies in ZnO nanostructures [10, 11]. Optical techniques
are the most common techniques to study the quan-
tum size effects. Here, we report studies on the optical
properties of zinc oxide (ZnO) nanoparticles, synthesized
by a mechanical route. We have emphasized UV-vis and
PL spectroscopic studies, to examine the size-induced ef-
fects.

Various techniques have been used to synthesis ZnO
nanoparticles including mechanical milling [12], hydrother-
mal synthesis [13], sol-gel method [14], and spray pyrolysis
[10].

2. Experimental

Commercially obtained ZnO powder with size ∼200 nm and
purity 99% was milled in a zirconia jar with zirconia balls
with a ball-to-powder weight ratio of 14. The mechanical
milling was performed in a horizontal ball mill operating at
200 rpm for different milling times (5, 10, 15, and 20 h). No
solvent was used in this process.

The optical properties were investigated by using Cary,
50-probe UV-vis spectrophotometer, and Perkin Elmer (LS-
55) Luminescence Spectrophotometer (PL). X-ray diffrac-
tion patterns were performed using SIEMEN D500 X-ray
diffractometer equipped with graphite monochromatized Cu

Kα radiation (λ = 1.5418 ´̊A) irradiated with a scanning rate
of 0.02◦s−1. The particle size was calculated from the effective
mass equation using data from UV-vis spectroscopy.

3. Results and Discussion

Figure 1 shows the XRD pattern of the ZnO powders
before and after milling. All the peaks corresponding to the
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Figure 1: XRD pattern for ZnO particles before and after milling.

reflections of hexagonal phase ZnO match well with standard
diffraction data (JCPDS card no. 80-0075), as well as with
that for high-purity powder. With increasing milling time,
the corresponding peaks become less intense and broader.
No major change is observed on the lattice parameters. The
considerably broad reflections are mainly a consequence of
a small grain size with a small contribution from internal
strain induced by the severe mechanical deformation.

Figure 2 shows the UV absorption spectra of ZnO pow-
ders milled at different milling times. Absorption peaks cor-
responding to 5, 10, 15, and 20 h are obtained at 284.97,
281.98, 279.94, and 276.95 nm, respectively. As seen from
Figure 2, the absorption spectra for all the samples show
sharp excitonic peaks and blue shifted due to quantum con-
finement effect. The absorbance increases as the milling time
increases. Therefore, the optical properties get enhanced with
the increasing ratio of surface to volume in ZnO powder.

The particle size was determined from the effective mass
equation below [13]:

E = Ebulk + h2π2
(

1
me

+
1
mh

)
−
(
1.8e2

)
4πε′ε′0R

, (1)

where E and Ebulk are the band gap of synthesized and
bulk (3.3 eV) ZnO particles, respectively, R is radius of the
particle, me is the effective mass of electron (0.28m0), mh

is the effective mass of hole (0.49m0), ε′ is the dielectric
constant of material (2.1), ε′0 is the permittivity of free space,
and h is the Planck’s constant.

Table 1 shows the size of ZnO particles are decreases as
the milling time increases.

Figure 3 shows the room temperature photolumines-
cence (PL) spectra of ZnO nanoparticles milled for 5, 10,
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Figure 2: UV-vis spectra of ZnO nanoparticles at various milling
times with respect to their (a) wavelength and (b) energy.

Table 1: Characteristics of ZnO powders at various milling times.

Milling
time (h)

FWHM
(eV)

UV emission
peak (nm)

BE emission
peak (nm)

Particle size
from (1) (nm)

5 0.46 309.0 414.0 2.32

10 0.51 308.5 430.0 2.24

15 0.52 306.5 418.0 2.18

20 0.54 307.0 417.5 2.10

15, and 20 h. ZnO nanoparticles exhibited two prominent
emission PL bands at around 309 and 418 nm. The PL
peak at 309 nm which is intense and sharp is assigned to
near-band-edge emission (UV emission) attributed to free
electron recombination [15]. This peak intensity is decreased
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Figure 3: Photoluminscene spectra of ZnO powders at various
milling time.

and blue shifted as the particle size decreases. Blue shift in
the UV emission peak is due to the quantum confinement
effect. The peak around 430 nm is blue emission (BE)
which is attributed to intrinsic defects such as oxygen and
zinc interstitials [16]. It can be observed that only small
changes in the parameters are observed for the sample
milled 20 h, which is wider and less-quantum efficiency.
The mechanical milling produces different kinds of defects
in the powders giving place to an increase in the possible
recombination mechanisms. Table 1 summarized the UV
and PL characteristics of the samples.

4. Conclusion

ZnO nanoparticles were successfully synthesized at room
temperature via mechanical milling. Absorption spectra

demonstrate sharp excitonic peaks and blue shifted corre-
sponding to quantum confinement effect. The absorbance
was increased as the milling time increases. Strong PL lines
were recorded in the UV and blue region. The crystal struc-
ture of ZnO nanoparticles is the same as that of bulk ZnO,
though some amount of internal strain induced by the severe
mechanical deformation.
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A novel two-step technique is introduced to synthesize BaSn(OH)6 nanorods. The method involves the preparation of precursor
Na2Sn(OH)6 crystals in aqueous solution via hydrothermal method and the ion-exchange reaction between Na2Sn(OH)6 crystals
and Ba2+ solution that followed, assisted by ultrasonic treatment. The BaSn(OH)6 nanorods array are formed due to the split
of plate-formed Na2Sn(OH)6 during the ion-exchange treatment. The influence of the surfactant on the growth of the one-
dimensional (1D) BaSn(OH)6 nanostructures is investigated. In addition, the powder BaSnO3 has been obtained by thermal
treatment at 450◦C for 5 h under inert gas protecting condition using BaSn(OH)6 nanorods as precursor. The 1D shape of
BaSn(OH)6 was retained after thermal treatment.

1. Introduction

As a perovskite-structured ceramic, BaSnO3 is becoming
more and more important in material technology because
of its characteristic dielectric properties. It has been recently
considered to be a new material for semiconductor gas
sensors because of its high selectivity, sensitivity, and stability
toward sensor materials for a lot of gases, including CO, H2,
Cl2, NOx, and humidity [1–4]. The mechanism of the gas
sensitivity of this semiconducting oxide is a surface reaction
process [5]. Thus, a large surface area of the oxide powder is
of importance to its characteristic sensor properties. In the
recent papers, nanostructures have demonstrated good sen-
sitivity as sensing materials [6–9]. The 1D nanostructure of
BaSnO3 may improve the sensitivity of gas-sensing materials
because of their shape and size. The micrometer BaSnO3 has
been synthesized by solid reaction [10], sol-gel method [11],
and hydrothermal method [12]. A modified hydrothermal
method was used to prepare BaSn(OH)6 nanoparticle with
diameter of 10 nm as precursor from treating SnO2·xH2O
and Ba(OH)2 solution at 250◦C. Then, BaSnO3 of 27 nm
was obtained by recrystallizing BaSn(OH)6 at 330◦C. In this
work, the peptization of precursor BaSn(OH)6 was strictly

dependent on the pH value of the solution and the particle
sizes of the SnO2·xH2O sol were necessary to be in the range
of less than 20 nm [13]. More recently [14], we reported
a new simple two-step technique to synthesize well-defined
CdSnO3·3H2O nanocubes where their shape and size can
be controlled by adjusting the experimental factors. The
method involved the preparation of Na2Sn(OH)6 as starting
materials via a hydrothermal method in solution, followed
by the ion-exchange reaction between solid Na2Sn(OH)6

and Cd2+ solution, assisted by ultrasonic treatment. Our
other works that followed revealed that the method could be
extended to fabricate other kinds of stannate. In the present
work, we applied this method to synthesize BaSn(OH)6

nanostructure, and the morphology of the obtained product
was nanorod array. The influences of reaction conditions,
including surfactant and reaction time, on the growth of
BaSn(OH)6 nanorod array were investigated.

2. Experimental

5.0 g of SnCl4 and 0.5 g of cetyltrimethylammonium bromide
(CTAB) were dissolved in 50 mL of deionized water. 30 mL
of 12.5 mol/L NaOH aqueous solution was then added
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dropwise into the solution under vigorous stirring. The
resulting slurry was transferred into a Teflon-lined stainless
steel autoclave with a capacity of 100 mL treated under
hydrothermal conditions at 180◦C for 24 h. After the vessel
was cooled to room temperature, the precursor Na2Sn(OH)6

was obtained.
1.5 mmol of BaCl2 was dissolved in 300 mL of deionized

water to obtain an aqueous solution. The precursor obtained
in the hydrothermal process was rapidly introduced to
the Ba2+ aqueous solution. The slurry was ultrasonically
treated for 30 min. The resultant BaSn(OH)6 was filtered,
washed with distilled water and ethanol, and then dried
at room temperature. The as-prepared BaSn(OH)6 was
subsequently calcined at 450◦C for 5 h under inert gas
protecting conditions (99.9% Ar).

The crystallinity and phase purity of the product were
examined by a Bruker D8 advanced X-ray diffractometer
(XRD) with monochromatized Cu Kα radiation (λ =
1.5418 Å). The morphology and structure of the product
were characterized using a JEOL JEM-2010 transmission
electron microscope (TEM) operating at 200 kV and a JEOL
JSM-6700F scanning electron microscope (SEM).

3. Results and Discussion

Figure 1(a) shows the XRD patterns of the product pre-
pared by hydrothermal method. All the detectable peaks in
Figure 1(a) can be assigned by their peak position to the
hexagonal structure of Na2Sn(OH)6 with lattice parameters

of a = 5.94 ´̊A and c = 14.1 ´̊A. These parameters match
well with the information for JCPDS file card 24-1143.
Figure 1(b) shows the XRD patterns of the sample obtained
from the reaction between solid Na2Sn(OH)6 and the BaCl2
aqueous solution. The peak positions are consistent with
the standard diffraction pattern of BaSn(OH)6 (JCPDS 09-
0053), with no other crystalline phase observed.

Scanning electron microscopy (SEM) analyses were used
to explore the morphology of the products. Figure 2(a)
shows the image of the precursor Na2Sn(OH)6, which
clearly displays that the product is composed of sheets in
different sizes. The SEM image in Figure 2(b) reveals that
the BaSn(OH)6 consists of nanorod arrays with diameters
of 90–110 nm and lengths up to several micrometers. The
most of the nanorods are aligned in the same direction.
To provide further insight into the nanostructures of the
rods, TEM investigations are also performed. As shown in
Figure 3(a), the BaSn(OH)6 nanorods are straight, uniform,
and tightly packed as a bundle array. The selective-area
electron diffraction (SAED) (Figure 3(b)) reveals that the
nanorods are crystalline in structure.

From a great deal of experimental work, we find that
the surfactant plays an important role in controlling the
morphology of the sample. The use of CTAB is crucial to
the formation of BaSn(OH)6 nanorod arrays. Nanosheets
were obtained when CTAB was replaced by polyethylene
glycol (PEG), and nondirectional nanorods were obtained
in the presence of polyvinylpyrrolidone (PVP), which were
shown in Figures 4(a) and 4(b). On the basis of our detailed
examination and the information we have gathered [15], a
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Figure 1: XRD patterns of the products: (a) Na2Sn(OH)6 and (b)
BaSn(OH)6.

formation process of the BaSn(OH)6 nanorods array can
be proposed. An illustration of the Na2Sn(OH)6 formation
process is shown in Figure 5. When NaOH solution was
added dropwise into the SnCl4 and CTAB mixture solution,
the precipitation of Sn(OH)4 was obtained immediately.
By keeping on adding NaOH, the NaSn(OH)6 was formed
(Figure 5(a)). On the other hand, it was reported that the
anionic surfactant CTAB can be made to form micelles
[16]. In this system, single-chain surfactant molecules CTAB
reacted preferentially with Sn(OH)4

2− polyanions which
displace the original surfactant monoanions (Figure 5(b)).
Then anionic surfactant CTAB formed sandwich micelles
due to the anion charge density and shape requirement
(Figure 5(c)). The condensation of Sn(OH)4

2− absorbed by
CTAB is minimal at low temperature according to cooper-
ation interactions of ion-pairs charges and organic Van der
Waals forces. After hydrothermal treatment at 180◦C for 24 h,
the surfactant reorganized the changing interface charge
density, so more Sn(OH)4

2− was absorbed by CTAB. The
inorganic surfactant composites CTAB+-Sn(OH)4

2−-Na+-
Sn(OH)4

2−-CTAB+ were formed as shown in Figure 5(d).
Finally, when the inorganic surfactant composites were
introduced to Ba2+ aqueous solution, the Ba2+ replaced the
Na+ of these composites assisted by ultrasonic treatment.
Accompanying the formation of BaSn(OH)6, strong stress
appeared in the crystal. To release the stress and lower
the total energy, the original plates split to nanorods.
So the possible function of the surfactant CTAB in the
present process is to be a template for the formation of 1D
nanostructures.

For a complete view of the formation process of the
BaSn(OH)6 nanorods array and their growth mechanism,
a detailed time-dependent morphology evolution study
during the ultrasonic process was conducted (Figures 6(a)–
6(d)). Most of the product obtained after 5 min treatment
exhibited micrometer sheets, and the rodlike structure could
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(a)

100 nm

(b)

Figure 2: SEM images of the products: (a) Na2Sn(OH)6 and (b)
BaSn(OH)6.

A
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51/nm

Figure 3: TEM and SAED images of the BaSn(OH)6 nanorods.

be seen on the big sheets (Figure 6(a)). Prolonging the
reaction time to 10 min, more and more nanorods were
formed as shown in Figure 6(b). For reaction times of
20 min, the product consisted predominantly of nanorods
that were adherent to each other (Figure 6(c)). The ion-
exchange reaction was complete at 30 min, and the nanorods
were separate due to the partial dissolution of the CTAB
(Figure 6(d)).

1 μm

(a)

1 μm

(b)

Figure 4: SEM images of the products in the presence of (a) PEG
and (b) PVP.

In order to investigate the thermal stability and its phase
transformation, we thermally treated BaSn(OH)6 at 450◦C.
The phase of the product was studied by XRD measurement
as shown in Figure 7. All of the reflections could be indexed
to the BaSnO3 phase with the cubic structure BaSnO3

(JCPDS 74-1300). The morphology of the final product
BaSnO3 was investigated with SEM. As shown in Figure 8,
the rod shape retained after heat treatment at 450◦C, but
their feature of unidirection was lost and the size of rod
was increased from average 100 nm to about 400 nm due
to the recrystallization of nanorods. To get further infor-
mation of the nanorods, Brunauer-Emmett-Teller (BET)
N2 adsorption-desorption analysis was performed. Figure 9
displays the adsorption-desorption isotherm, from which
the BET surface area could be calculated as 22.09 m2g−1.
The value is larger than that of the nanoparticles previously
reported in the literature [12], which means that the
1D BaSnO3 nanorods we prepared may have a potential
application in gas sensors or catalysts.

4. Conclusions

It has been found that a two-step technique can be
used to synthesize nanocrystalline stannates. Well-defined
BaSn(OH)6 nanorods have been successfully prepared using
this novel method in high yields. The formation of the plates-
formed precursor Na2Sn(OH)6 plays a very important role in
the final morphology of sample. The BaSn(OH)6 nanorods
array were formed due to the split of Na2Sn(OH)6 during



4 Journal of Nanomaterials

CTAB+

CTAB+

Na+

Sn(OH) 2−
4

(a) (b)

(c) (d)

+

Sn(OH)4
2−

Figure 5: Schematic representation of different periods in the CTAB-assisted hydrothermal preparation of Na2Sn(OH)6.
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Figure 6: SEM images of the BaSn(OH)6 obtained after an ion-exchange time of (a) 5 min, (b) 10 min, (c) 20 min, and (d) 30 min.
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Figure 8: SEM image of the BaSnO3.
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Figure 9: N2 adsorption isotherm of BaSnO3 nanorods.

the ion-exchange treatment. BaSnO3 has been obtained by
thermally treating BaSn(OH)6 nanorods at 450◦C, for 5 h
under an inert gas protecting condition. The rod shape of
BaSn(OH)6 was sustained after thermal decomposition to
BaSnO3.
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Mesoporous nanosheets of single-crystalline β-nickel hydroxide (β-Ni(OH)2) were successfully synthesized via a facile
hydrothermal method using Ni(NO3)2 · 6H2O as precursor in a mixed solution of sodium hydroxide (NaOH) and sodium
dodecylbenzenesulfonate (SDBS). Single-crystalline nickel oxide (NiO) mesoporous nanosheets can be obtained through a thermal
decomposition method using β-Ni(OH)2 mesoporous nanosheets as precursor. The influences of SDBS and hydrothermal
treatment were carefully investigated; the results showed that they played important roles in the formation of β-Ni(OH)2

mesoporous nanosheets. The as-obtained β-Ni(OH)2 and NiO were characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM), thermal gravity-differential thermal analysis (TG-DTA), and specific surface area, and pore size test.

1. Introduction

The development of nanomaterials is attracting increasing
attentions due to their unique physical and chemical prop-
erties that are different from conventional bulk materials.
It is well known that the size, morphology, and structure
of nanomaterials significantly influence their physical and
chemical properties and, therefore, their applications [1–3].
The nanomaterials with mesoporous structures Especially
have technical advances in various fields, such as adsorption,
separation, catalysis, drug delivery, sensors, photonics, and
nanodevices [4, 5].

As reported, nickel hydroxide (Ni(OH)2) has attracted
increasing interests due to its applications in alkaline
rechargeable batteries (such as Ni/MH, Ni/Zn, Ni/Cd, and
Ni/Fe, [6–8]), which are most widely used in many appli-
cations ranging from power tools to portable electronics
and electric vehicles [9]. There are two phases of Ni(OH)2,
known as α-Ni(OH)2 and β-Ni(OH)2. Single-crystalline β-
Ni(OH)2 nanosheets have been demonstrated taking advan-
tage of its intrinsic lamellar structure [9–11] and widely
used due to its high stacking density and stability in alkaline
condition compared with α-Ni(OH)2. Recently, some reports
have demonstrated that Ni(OH)2 with a smaller crystalline

size and more crystalline defects possesses a higher chemical
proton diffusion coefficient, and this will diminish the con-
centration polarization of protons during charge/discharge
cycle, leading to a better charge/discharge cycling behavior
[12]. Literatures have reported that the activity of Ni(OH)2

electrode could be significantly improved when nanosized
Ni(OH)2 was added into microsized Ni(OH)2 [13, 14];
especially, nanosized Ni(OH)2 with mesoporous structures
can enhance the electrochemical performance greatly [15].
Furthermore, NiO is a very important p-type semiconductor
with a direct band gap of 3.5 eV and often used as catalyst,
electrochemical capacitor, fuel cell electrode, gas sensor,
and so forth [16–18]. NiO can be obtained by calcinating
the corresponding Ni(OH)2 simply in air, and the shape
of Ni(OH)2 particles could be maintained [19]. To date,
numerous works [20–24] have been developed to synthesize
Ni(OH)2 with different morphologies because the electro-
chemical performances of Ni(OH)2 are directly affected
by its morphology and size [25–27]. Chen and Gao [10]
reported the synthesis of different morphologies of nickel
hydroxide through using ethanol as growth media. Meyer
et al. [11] synthesized platelet-like nanoparticles of nickel
hydroxide. Matsui et al. [28] obtained Ni(OH)2 nanorods
using carbon-coated anodic alumina film in hydrothermal
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conditions. However, to obtain well-defined Ni(OH)2 nanos-
tructures with mesoporous structure is still the challenge in
nanochemistry and nanomaterials.

Herein, we demonstrate a facile method for the syn-
thesis of single-crystal β-Ni(OH)2 mesoporous nanosheets,
and NiO mesoporous nanosheets can also be obtained
through the thermal decomposition using the as-prepared β-
Ni(OH)2 as precursor.

2. Experimental

All of the reagents, except SDBS (chemical purity), were of
analytical grade and used as received without further purifi-
cation. In a typical experiment, 0.370 g Ni(NO3)2 · 6H2O
and 0.930 g SDBS were dissolved in 80 mL distilled water
under magnetic stirring for 15 min to form a homogeneous
solution at room temperature, and then 0.170 g NaOH
was added into the solution. Afterward, the solution was
transferred into a 100 mL Teflon-lined stainless autoclave,
sealed and maintained at 140◦C for 24 h, and then cooled
to room temperature naturally. The products were collected,
washed several times with distilled water and absolute
ethanol, and dried at 60◦C in air. To study the influences of
SDBS and hydrothermal treatment on the formation of β-
Ni(OH)2 nanosheets, parallel experiments were carried out
with keeping other reaction conditions unchanged.

As-prepared β-Ni(OH)2 was calcined in air at 400◦C for
2 h to produce NiO.

X-ray diffraction (XRD) patterns of the prepared samples
were recorded on a D/max-r B X-ray diffractometer with
graphite-monochromatized CuKα radiation (λ = 1.5418 Å),
employing a scanning rate of 4◦/min in the range from
15◦ to 90◦. The size and morphology of the products were
characterized by H-7650 transmission electron microscopy
(TEM). High-resolution transmission electron microscopy
(HRTEM, Tecnai F30) with the selected area of electron-
diffraction (SAED) was employed to investigate the detailed
structure of β-Ni(OH)2 microstructures. The N2 adsorption-
desorption isotherms and Barrett-Joyner-Halenda (BJH)
pore size distribution were investigated on a Micromeritics
ASAP 2020 equipment. TG-DSC (a Pyris Diamond thermo-
gravimetric/DSC apparatus) was used to analyze the thermal
behavior of samples with a heating rate of 10◦C/min from
room temperature to 600◦C in air.

3. Results and Discussion

In Figure 1, curve (a) shows the XRD pattern of β-Ni(OH)2

prepared by the typical method. All diffraction peaks can be
indexed to the pure hexagonal phase of β-Ni(OH)2 (JCPDS,
file No. 14-0117). No peaks from impurities are observed,
indicating that the product was pure phase. Curve (b)
shows the XRD pattern of the β-Ni(OH)2 sample prepared
in the absence of SDBS, from which, it is obvious to see
the intensity change of some peaks compared with curve
(a). Curve (c) is the XRD pattern of Ni(OH)2 prepared
at room temperature. As shown, the Bragg reflections are
broad, indicating that this sample has small size and poor
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Figure 1: XRD patterns of the prepared β-Ni(OH)2 samples:
(a) with using SDBS; (b) without using SDBS; (c) without
hydrothermal treatment.

crystallinity. According to curve (a) and curve (c), it proves
that hydrothermal treatment plays an important role in
improving their crystallinity. This result is consistent with the
literature [29, 30].

As known, the morphology and size of nanoparticles
prepared by hydrothermal methods could be well-controlled
by the addition of certain surfactant. Many theories have
also been proposed to describe the mechanism of the
shape-revolution process; however, they did not carry much
conviction. From the difference between curve (a) and (b)
in Figure 1, it can be concluded that all diffraction peak
directions, except for [001] direction, are suppressed with the
addition of SDBS. In other words, the prepared β-Ni(OH)2

has a preferential [001] growth direction in the presence of
SDBS. It is well known that the surfactant in solution will
aggregate into micelles. During the reaction, the micelles
play the roles of “seeds;” the originally produced clusters will
aggregate on the micelles, and further grow to nanoproducts,
which can be called a special soft template technique to
synthesize nanowires [31]. In our case, this process slows
down the reaction rate of Ni2+ and OH− and determines the
preferential growth direction of β-Ni(OH)2 nanoparticles.

Figure 2 shows the TEM images of the β-Ni(OH)2

products obtained from different reaction conditions. As
indicated in Figure 2(a), the obtained β-Ni(OH)2 products
are irregular hexagonal shapes with sharp edges and the
edge sizes are in the range of 25–160 nm. The rod-like
structures are formed because of some sheets being on
edge in the grid. Figure 2(b) shows the TEM image of β-
Ni(OH)2 nanosheets prepared without the presence of SDBS,
indicating the smaller size. Figure 2(c) shows the product
obtained without the hydrothermal treatment, from which
we can see that the sample has an irregular shape and a poor
crystallized structure. The results indicate that hydrothermal
treatment plays an important role in the formation of β-
Ni(OH)2 nanosheets; coinciding with the literature [32].

Figure 3(a) gives the magnified TEM image of the β-
Ni(OH)2 nanosheets, the bright spots on the surface of
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Figure 2: TEM images of the β-Ni(OH)2 nanosheets prepared: (a) in the presence of SDBS, (b) without using SDBS, and (c) without
hydrothermal treatment.
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Figure 3: (a) TEM and (b) HRTEM images of β-Ni(OH)2 mesoporous nanosheets. Inset of (a) is the corresponding SAED pattern.

the sheets reveal the porous structure. As shown in SEAD
pattern (inset of Figure 3(a)), the as-prepared β-Ni(OH)2

nanosheets are single crystals of hexagonal phase, and the
surfaces of these hexagonal β-Ni(OH)2 nanosheets are the
(001) planes. Figure 3(b) exhibits the HRTEM image of the
β-Ni(OH)2 nanosheets, from which we can see that the
crystal lattice planes are perfectly aligned. The lattice space
of about 1.50 Å corresponds to the interplanar spacing of
(003) planes, indicating that the β-Ni(OH)2 nanosheets have
a preferential [001] growth direction, consistent with the
result of XRD as well.

The thermal property of the β-Ni(OH)2 nanosheets was
analyzed by TG-DSC, and the variations of heat and weight
while β-Ni(OH)2 was being sintered are recorded. As shown
in Figure 4, there is an endothermic peak at 336.2◦C in
the DSC curve, accompanied by a weight loss of 18.81%
(observed in TG curve at the same temperature), resulting
from the thermal decomposition of β-Ni(OH)2. When β-
Ni(OH)2 sample was heated to above 336.2◦C, we can not

observe any obvious endothermic or exothermic peak in the
DSC curve. The slight mass change between 336.2 and 500◦C
is due to the desorption of oxygen from bulk NiO, and we can
conclude that β-Ni(OH)2 precursor could be decomposed to
NiO above 336.2◦C completely. The observed weight loss of
18.81% is close to the calculated loss value of 19.4%.

Based on the TG and DSC results, in our experiments,
the as-prepared β-Ni(OH)2 nanosheets were calcined at
400◦C for 2 h to obtain NiO nanosheets. Figure 5 gives
the XRD pattern of NiO powder. All the diffraction peaks
can be indexed to a face-centered cubic phase NiO with
lattice parameters a = 4.17 (JCPDS, file No. 78-0643), and
no diffraction peaks of Ni(OH)2 or other impurities were
observed, indicating that β-Ni(OH)2 has been converted to
NiO completely.

The size and morphology of the as-prepared NiO were
examined by TEM. Figure 6(a) exhibits the TEM image
of NiO, showing that the shape of nanosheets was main-
tained after the thermal decomposition of β-Ni(OH)2. The
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Figure 4: TG-DSC curves of β-Ni(OH)2 mesoporous nanosheets.
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Figure 6: (a) TEM and (b) HRTEM images of NiO mesoporous nanosheets. Inset of (a) is the corresponding SAED pattern.
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Figure 7: N2 adsorption-desorption isotherm and pore size distribution (insets) of (a) β-Ni(OH)2 and (b) NiO nanosheets.

corresponding SAED pattern of NiO nanosheets (inset in
Figure 6(a)) exhibits many spots, indicating the nature of
single crystal. The diffraction pattern can be indexed to the
face-centered cubic NiO, consistent with the XRD result.
Figure 6(b) is the HRTEM image of the as-prepared NiO
nanosheets. As shown in it, the crystal lattice planes are
perfectly aligned, and the lattice space is about 2.09 Å,
corresponding to the interplanar spacing of 200 planes for
cubic NiO. This reveals that the growth of the nanosheets
follows the 200 direction; in other words, the nanosheets
grow along with the a axis.

TEM images of β-Ni(OH)2 and NiO (Figure 3(a) and
Figure 6(a)) reveal their mesoporous structure by the
wormhole-like porous structure on the surfaces of the sheets,
then the mesoporous structures and pore sizes of β-Ni(OH)2

and NiO were investigated by the N2 adsorption/desorption
techniques. The N2 adsorption-desorption isotherms and
BJH pore size distribution profiles (inset in Figures 7(a)
and 7(b)) of β-Ni(OH)2 and NiO were shown in Figure 7.
It is obvious that these isotherms can be closely related to
IV-type isotherm, characteristic of mesoporous materials.
The BET surface area of mesoporous β-Ni(OH)2 nanosheets
is 46.6 m2 g−1, and the pore size distribution is peaked at
around 2 nm (inset in Figure 7(a)). For NiO mesoporous
nanosheets (mesoporous Ni(OH)2 calcinated at 400◦C for
2 h), the BET surface areas and the pore size distribution
increase to 85.98 m2 g−1 and 3.7 nm, respectively.

4. Conclusion

In summary, a progressive production of β-Ni(OH)2 meso-
porous nanosheets with single-crystalline structure has been
constructed via a one-step SDBS-assisted hydrothermal
route. Using the obtained β-Ni(OH)2 nanosheets as precur-
sors, NiO nanosheets could be obtained by the calcination
at 400◦C for 2 h. The results of some parallel experiments

show that surfactant SDBS and hydrothermal treatment have
important effect on the formation of β-Ni(OH)2 nanosheets.
The N2 adsorption/desorption isotherms and BJH pore size
distribution profiles of β-Ni(OH)2 and NiO confirm their
mesoporous structure.
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Various copper hierarchical structures assisted by surfactants were successfully fabricated combined with the electrodeposition
technique. To the best of our knowledge, it is the first report on the controlled synthesis of metal copper hierarchical structures. All
of the products synthesized in the presence and absence of surfactants, such as cetyltrimethylammonium bromide (CTAB), sodium
dodecyl sulfate (SDS), or polyvinylpyrrolidone (PVP), were face-centered cubic copper, characterized by X-ray diffraction (XRD),
indicating the surfactant-independent crystal structure. However, supplementing surfactants is helpful to construct hierarchical
structures and exerts an important influence on copper morphologies. The absence of surfactants led to the formation of the nubby
structures, while the use of surfactants resulted in the synthesis of the flower, dendrite, and sphere-like hierarchical morphologies.
The effect of deposition time on the copper morphologies was investigated by scanning electron microscopy (SEM), and the
possible formation mechanism of the copper hierarchical structures with various morphologies was discussed.

1. Introduction

In recent years, nanostructured materials with special mor-
phologies have attracted considerable research interests for
their unique magnetic, optical, and electronic properties,
and potential applications [1–4]. Hierarchical materials con-
structed by nanostructures have been the research hotspots
due to their size, or shaped-dependent properties, which
are mainly determined by their composition, crystallinity,
size, and morphology [5]. Therefore, in order to obtain
prominent performance, much effort has been made on
the composition, size, and morphology control of various
materials. In the current stage, metallic hierarchical struc-
tures with various morphologies [6, 7] have been attracting
extensive attention because of their potential applications in
nanoscale devices, sensors, nonlinear optics, and magnetic
storage media. So far, many synthetic methods including
solvothermal reduction, electrodeposition, and template
growth have been developed to prepare metallic hierarchi-
cal materials [8–10]. Among them, electrodeposition has
received extensive attention due to the rich variation of

growth morphologies and the simplicity of the experimental
setup [11–13].

The importance of metal copper for the next-generation
on-chip interconnection has been well established since the
first discovery that copper wiring has advantages of lower
resistance, higher allowable current density, and increased
scalability compared with the Ti/Au (Cu) wiring. Increasing
efforts have been devoted to the fabrication of metal copper
nanostructures with various morphologies in recent years
due to the potential applications in biomimetic design [14],
sensor [15], and catalysis [16]. However, there are few of the
works on the preparation of metal copper nanostructures
[14, 16], especially self-assembled hierarchical structures
[17]. The lack of a facile method to selectively fabricate
copper hierarchical structures assembled by nanomaterials
with different morphologies still remains a huge obstacle to
the material researchers.

In this paper, we reported a novel and simple method to
successfully fabricate the copper hierarchical structures with
morphological variety, such as flower-like structures self-
assembled by nanosheets, dendrite-like crystals constructed
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Figure 1: XRD patterns of the products fabricated with no additive
(a), CTAB (b), SDS (c) and PVP (d) in the electrolyte.

by 1D nanostructures, and the large congeries built by
sphere-like structures, by using the electrochemical depo-
sition technology at room temperature. The metal copper
materials with self-assembled structures can be selectively
fabricated in the presence of surfactants. To the best of our
knowledge, it is the first report on the controlled synthesis
of various metal copper self-assemblies. This method is very
facile, rapid, and effective for preparing the metal copper
hierarchical structures with high yields.

In our reaction system, copper chloride is used as copper
source, and cetyltrimethylammonium bromide (CTAB),
sodium dodecyl sulfate (SDS) or polyvinylpyrrolidone (PVP)
as the shape-controllers that could effectively adjust the
morphologies of metal copper hierarchical structures. And
the copper structures with different morphologies were in
detail investigated by X-ray diffraction (XRD) and scanning
electron microscopy (SEM). Based on the experimental data,
the possible formation process of metal copper hierarchical
structures with various morphologies was discussed.

2. Experimental Sections

2.1. Chemical Reagents. Copper chloride dihydrate
(CuCl2·2H2O), sulfuric acid (H2SO4), cetyltrimethylammo-
nium bromide (CTAB), sodium dodecyl sulfate (SDS), and
polyvinylpyrrolidone (PVP) were purchased from Sino-
pharm Chemical Reagent Co., Ltd. All chemicals were of
analytical grade and used without any further purification.
All solutions were prepared using deionized water.

2.2. Preparation of Metal Copper Hierarchical Structures. The
electrodeposition solution consisted of CuCl2 (0.1 mol·L−1),
H2SO4 (0.1 mol·L−1), various additives at the same con-
centration of 40 g·L−1, such as CTAB, SDS, and PVP, and
deionized water. Electrodeposition was carried out in a two-
electrode electrochemical cell. Both the anode electrode and
cathode electrode were composed of the copper foils with the
diameter of 0.8 cm, the length of 1.5 cm, and the thickness

of 0.1 cm. The two electrodes were placed parallel to each
other and perpendicularly inserted into the electrodeposition
solution. The potentiostatic electrodeposition was carried
out at the electric potential of 1.0 V for varying deposition
time without heating or stirring.

2.3. Sample Characterization. After reacted for several min-
utes, the cathode as the working electrode was taken out, and
carefully rinsed with deionized water more than five times,
then allowed to air-dry before characterization. The samples
for scanning electron microscopy (SEM) were directly fixed
to a SEM stub and were sputtered with a 5 nm layer of plat-
inum. Images were obtained with a JEOL JSM-5610 LV SEM
operating at an accelerating voltage of 15 kV. The specimens
for structural characterization were carefully peeled from
the foils and subjected to X-ray diffraction (XRD) using a
D/Max-RA diffractometer with Cu Kα radiation.

3. Results and Discussion

3.1. XRD of Metal Copper Materials. Figure 1 shows the XRD
patterns of the products fabricated at the electric potential
of 1.0 V for 10 min in the absence of surfactant and in
the presence of CTAB, SDS, and PVP in the electrolyte,
respectively. The diffraction peaks in the range of 20◦ < 2θ <
80◦ can be indexed as the face-centered cubic (fcc) directions
of Cu (111), (200), and (220), in good agreement with Joint
Committee on Powder Diffraction Standards (JCPDS) no.
04-0836. No peaks from other phases were found, suggesting
the high purity was obtained. Besides, it is further indicated
that supplementing surfactants does not change the crystal
structure of the products but obviously affects the peak
intensities of metal copper materials. Compared with the
peak intensity ratio of 100 : 46 : 20 in JCPDS no. 04-0836,
the ratios of (111), (200), and (220) peak intensities of
various copper materials assisted by no additive, CTAB, SDS,
and PVP were 100 : 416 : 600, 100 : 210 : 320, 100 : 42 : 29,
and 100 : 195 : 329, respectively. On the other hand, for the
as-prepared product in the presence of SDS (curve c in
Figure 1), the diffraction peak strength at about 43◦ was
obviously higher than those at about 50◦ and 74◦, similar
to that of JCPDS no. 04-0836. However, these phenomena
did not happen on the products fabricated without additive
or with other surfactants, attributing to the different growth
rate of various directions of metal copper crystals. In contrast
with the crystal structure of the products, supplementing
surfactants has a notable effect on the growth rate of different
direction of the as-prepared products.

3.2. Effect of Surfactants on Metal Copper Hierarchical Struc-
tures. To get an insight into the formation process of metal
copper hierarchical structures with different morphologies,
time-dependent experiments were carried out and the
products were inspected by SEM. Figure 2 shows the SEM
images of the products with no additive at the varying
deposition time. At the beginning of the deposition, the
ruleless nubby structures with inconsistent size were first
formed after reacted for 5 min (Figure 2(a)). The SEM image
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Figure 2: SEM images of the products with no additive in the electrolyte at the different deposition times of 5 min (a), 10 min (b), 20 min
(c), and 30 min (d).

of the product formed at 10 min showed that the size of
nubby structures increased with the increasing deposition
time and came up to 5–8 μm (Figure 2(b)). The crinkles on
the surface of nubby structures indicated that the products
were constructed by many small blocks. As the reaction time
increased to 20 min (Figure 2(c)), the small nubby structures
with the size of about 3 μm were observed due to the further
splitting of the former lager nubby structures. At the depo-
sition time of 30 min, the ruleless nubby structures further
grew up on the foil, piled up each other, and constructed
the copper film (Figure 2(d)). The above experimental results
show that in the absence of additive the similar growth rates
in different directions lead to the formation of the ruleless
nubby structures. With the prolonged deposition time, the
nubby structures gradually grow up, and then split into many
small blocks which further developed, and finally contribute
to the formation of the copper film.

Figure 3 shows SEM images of the products by adding
CTAB in the electrodeposition solution at varying deposition
time. At the beginning of the deposition, the nanosheets with
the thickness of about 50 nm perpendicularly grew up on the
foil and interwove each other, shown in Figure 3(a). With
the increasing reaction time, taking the old nanosheets as
the new growth points, the secondary sheet-like structures
gradually matured, which caused the nanosheets with similar
thickness to develop in number and to become bushier,
forming the nanosheet arrays on the substrate (Figure 3(b)).
After reacted for 30 min, the nanosheets further grew up and

some sphere-like structures wrapped in the inner part of
nanosheets were observed (Figure 3(c)). When the reaction
time lasted for 1 h, there were some flower-like structures
self-assembled by nanosheets in high yield with uniform
size of about 15 μm, shown in Figure 3(d). The above
experimental results clearly indicate the formation process
of the flower-like hierarchical structures constructed by
nanosheets. Assisted by CTAB, the different growth rates
of metal copper in each direction promote vertical growth
of the copper nanosheets with the uniform thickness on
the substrate. With the rapid growth of nanosheets, the
growth of the crystal nucleus of the inner part wrapped in
nanosheets is easier to be affected by the electrolyte diffusion,
leading to the lack of protection of CTAB in the growth
process of metal copper. Therefore, the products further
develop into the sphere-like structures with micrometer size
and come up as shown in the inset of Figure 3(c), similar
to the formation of crystal copper without additive. When
the sphere-like particles emerged from the nanosheets come
into contact with the electrolyte owing to the rapid growth
rate, CTAB further promotes the appearance of the sheet-like
structures and finally leads to the formation of the flower-like
hierarchical structures self-assembled by nanosheets. Based
on the above analysis, adjusting the electrodeposition time
can effectively control the formation of nanosheet arrays and
flower-like hierarchical structures.

Figure 4 shows the SEM images of the products assisted
by SDS in the electrolyte at varying deposition time. At
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Figure 3: SEM images of the products by adding CTAB in the electrolyte at the different deposition times of 10 min (a), 20 min (b), 30 min
(c), and 1 h (d). The insets in Figures 3(a)–3(d) show the magnification SEM images of the corresponding photos.

the beginning of the deposition, the prototype of dendrite-
like structure with cross-linked branches was first formed
and covered the whole substrate after being reacted for
1 min (Figure 4(a)). With the increasing deposition time, the
branches of dendrite-like structure gradually developed and
independently grew up (Figure 4(b)). The SEM images of
the products reacted for 5 min (Figure 4(c)) which indicated
that the trunks and branches of the dendrite-like structures
further evolved and became thicker. And taking the old
branches as the new growth points, the sub-dendrite-like
structures occurred on the branches. After being reacted for
10 min, the sub-dendrite-like structures with the uniform
length of about 2 μm wove together (Figure 4(d)). The above
experimental results clearly show that under the assistant
role of SDS, the products first nucleate on the foil and
grow at one-dimensional approach, and then the dendrite-
like structures are gradually formed. With the increasing
deposition time, the instability of the branches promotes
the appearance of sub-dendrite-like structures with small
size, which further evolve and interweave together, and
finally construct the dendrite-like crystals constructed by
1D nanostructures. The formation of dendrite-like copper
crystals is a nucleation-growth-regrowth process. It is an
effective approach to rapidly fabricating the dendrite-like
crystals.

Figure 5 shows the SEM images of the products with
PVP in the electrolyte at the varying deposition time. At
the beginning of the reaction, only a few protuberances of

approximately 1 μm irregularly were arranged on the foil,
shown in Figure 5(a). With the increasing reaction time,
the protuberances further developed, and gradually wove
together, then became the sphere-like structures with the
diameter of about 2 μm (Figure 5(b)). When the reaction
time lasted for 20 min, the sphere-like structures assembled
each other and became the larger congeries as shown in
the inset of Figure 5(c). The above experimental results
distinctly display that assisted by PVP, the same growth
rates in all directions promote the formation of the sphere-
like structures. With the further evolution, the sphere-like
structures assemble each other and finally form the large
congeries constructed by sphere-like structures.

Based on the above experimental results, it is clearly
shown that the copper hierarchical structures with different
morphologies, such as flower-like structures self-assembled
by nanosheets, dendrite-like crystals constructed by 1D
nanostructures, and the large congeries built by sphere-like
structures, can be effectively fabricated by using the additives
of CTAB, SDS, and PVP. The schematic presentation of the
fabrication procedure of metal copper materials fabricated
by the assistance of CTAB, SDS, and PVP was shown in
Figure 6, clearly illustrating the evolution of various copper
hierarchical structures. Due to some reasons, such as the
interactions of copper ions and the additives and the selective
adsorption of the surfactants on certain crystallographic
planes, the difference of the additives has an important
effect on the growth rate of the different orientation of
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Figure 4: SEM images of the products by adding SDS in the electrolyte at the different deposition times of 1 min (a), 3 min (b), 5 min (c),
and 10 min (d).
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Figure 5: SEM images of the products by adding PVP in the electrolyte at the different deposition times of 5 min (a), 10 min (b), and 20 min
(c). The insets in Figures 5(a)–5(c) show the magnification SEM images of the corresponding photos.
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Figure 6: Schematic presentation of the process involved in the
preparation of various metal copper hierarchical structures assisted
by CTAB, SDS, and PVP.

metal copper during the electrodeposition, resulting in the
formation of metal copper self-assemblies with various mor-
phologies. The exact role of the additives in the formation
of copper hierarchical structures is not clear at this moment
and further studies are needed.

4. Conclusion

In this paper, we developed the controlled fabrication of cop-
per hierarchical structures with different morphologies by
using the additives, such as CTAB, SDS, and PVP, combined
with the electrodeposition technology. The outstanding
features of this template-free method are its simplicity,
convenience, and effectiveness. It is the first time that the



6 Journal of Nanomaterials

shape-controlled synthesis of metal copper self-assemblies
is reported. All of the products were face-centered cubic
copper, and the crystal structure was surfactant independent.
In the absence of additives, only ruleless nubby structures are
observed; in contrast, in the presence of CTAB, the flower-
like hierarchical structures self-assembled by nanosheets
with the uniform size are formed. Adjusting the deposition
time was efficient to control the formation of the nanosheet
arrays and the flower-like hierarchical structures. When the
electrolyte was supplemented with SDS, the dendrite-like
copper crystals constructed by 1D nanostructures are rapidly
synthesized. When the electrolyte was added by PVP, the
large congeries built by sphere-like structures was revealed.
In summary, a simple and novel way to selectively control
the formation of copper hierarchical structures with different
morphologies is established by using the different additives.
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We have successfully synthesized multicomponent Mg-based nano-quasicrystals (nano-QCs) through a simple route by using a
water-cooled wedge-shaped copper mould. Nanoscale QCs are prepared directly on tip of wedge-shaped castings. The further study
shows that nano-QCs in the Mg71Zn26Y2Cu1 alloy show well microhardness of greater than HV450. Electrochemical properties
of three kinds of quasicrystal alloys are investigated in simulated seawater. The Mg71Zn26Y2Cu1 nano-QC alloy presents the best
corrosion resistance in this study for the formation of well-distributed nano-QC phases (1∼5 nm) and polygonal Mg2(Cu,Y)
nanophases (40∼50 nm).

1. Introduction

Quasicrystals (QCs) are aperiodic solids whose atomic
arrangements have symmetries (typically five- or tenfold)
that are forbidden for conventional crystallography [1] and
have long been thought forbidden in nature. It brings about
a paradigm shift in solid-state physics when the first QC
example is obtained in a rapidly solidified Al-Mn alloy [2].
The unexpected discovery of QCs presents scientists with
a new, puzzling class of materials and involves hundreds
of researchers in this realm. In the past nearly thirty years,
QCs in various systems have been synthesized in laboratories
[3, 4] and have also been discovered in natural minerals
[5]. These QCs possess a host of unusual mechanical and
physical properties [6]. Though they cannot be applied
directly as structural materials for their innate brittleness,
they present high microhardness which makes them used
as good strengthening phases for some flexible matrix.
Accordingly, diverse QC master alloys have been successfully
synthesized and added into different commercial alloys [7, 8].

Usually, nano-quasicrystals (nano-QCs) can be synthe-
sized through two kinds of ways. Nano-QCs are known
to form in annealed [9, 10] or ball-milled [11] metallic
glasses. Moreover, they can also be fabricated in extruded
[12, 13], rolled [14], or wrought [15] Mg-based alloys

at high temperature. These nano-QC alloys exhibit better
mechanical properties compared with their corresponding
glasses or conventional crystalline alloys [16]. So, the nano-
QC alloy is a kind of very promising material. In this
study, we have synthesized nano-QC alloys through a new
and simple route instead of traditional heat treatment and
texturing process. Thus, the forming process of nano-QC
alloy can strongly be simplified. At the same time, the costing
of manufacture equipment can highly be cut down.

On the other hand, magnesium alloys present poor
corrosion resistance. They can easily be eroded either in
acid, neutral, or alkali solutions, even in pure water [17].
So, their further applications are restrained. Considering the
excellent corrosion resistance of QCs [18], we manage to in
situ synthesis Mg-based nano-QCs in Mg-Zn-Y alloys which
are hopeful to show their improved corrosion resistance.

In past work, we have synthesized quarternary spherical
Mg-Zn-Y-based QC phase [19] by controlling compositions
and undercooling conditions of the melts. In order to
fabricate nanoscale QCs, we improve the cooling condition
in this paper by using a water-cooled wedge-shaped copper
mould [20]. Multicomponent spherical nano-QCs are suc-
cessfully synthesized and their electrochemical properties are
investigated in simulated seawater.
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Table 1: Nominal composition of the experimental alloys.

Alloy No.
Alloy compositions (at. %)

Mg Zn Y Cu Ni

1# 72.0 26.0 2.0 — —

2# 71.0 26.0 2.0 1.0 —

3# 71.0 26.0 2.0 0.5 0.5

2. Experimental

The experimental alloys (Table 1) were produced by a
reformed crucible electric resistance furnace (SG2-5-10 A,
China), melted under the mixture of CO2/0.5vol.%SF6

protective atmosphere, using Mg(99.95%) and Zn(99.90%)
ingots, Ni(99.99%) and Cu(99.99%) powder, and Mg-
29.05%Y master alloy. Stirring for 2 min by impellor at
1073 K and holding for 5 min above 1053 K, the melt was
poured and cooled in a water-cooled wedge-shaped copper
mould. Samples were taken on tip of castings as shown in
Figure 1.

The morphology observation of QCs was conducted
using transmission electron microscopy (TEM, DEOL
JEM-2010FEF, Japan). Microhardness of QC alloys was
examined by microhardness tester (HXD-1000, China).
The electrochemical properties of specimens were tested
in simulated seawater (2.73% NaCl, 0.24% MgCl2, 0.34%
MgSO4, 0.11% CaCl2, 0.08% KCl, and 96.5% deionized
water, vol.%) by an electrochemical workstation (Gamry,
PCI4-750, USA) with a sweep rate of 10 mV/s. A saturated
calomel electrode (SCE) was used for the reference electrode.

3. Results and Discussion

TEM photos of QC alloys in different sample positions are
shown in Figure 2. Three kinds of componential micro-
/nano-QC phases are synthesized on tip of wedge-shaped
castings. Energy-dispersive spectroscopy (EDS) analysis
(Figure 3) shows that micro-/nano-QC phases in Position B
of Alloy 1∼ Alloy 3 are Mg-Zn-Y phase, Mg-Zn-Y-Cu phase,
and Mg-Zn-Y-Cu-Ni phase, respectively. The selected area
electron-diffraction (SAED) patterns with typical fivefold
rotational symmetry identify that these micro-/nano-QC
phases are icosahedral QCs. Among all QCs, QCs in Position
A of Alloy 1 show petal-like morphology, while others show
spherical morphology. From the further analysis in Table 2,
we can see that in alloys with same components, QCs in
Position B are smaller than those in Position A, while QC
microhardness in Position B is greater than that in Position
A. After introducing Cu(-Ni) into Mg-Zn-Y alloys, we can
see in the same sample position, QC size of Alloy 2 and Alloy
3 is obviously smaller than that of Alloy 1. QC size of Alloy 2
in Position A is close to that of Alloy 1 in Position B. Nano-
QC spheres about 8∼30 nm and 1∼5 nm are synthesized in
Position B of Alloy 3 and Alloy 2, respectively. It shows from
the microhardness testing that the smaller the QC spheres,
the greater their value of microhardness. Furthermore, the
microhardness of nano-QC spheres in Position B of Alloy 2
exceeds HV450, which shows fascinating properties.
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Figure 1: Sketch map of a wedge-shaped casting (mm).

Figure 4 shows the potentiodynamic polarization curves
of QC alloys (Position B) measured in simulated sea-
water open to air at room temperature. We can see
that Mg71Zn26Y2Cu1 nano-QC alloy presents high corro-
sion resistance in simulated seawater and its corrosion
resistance is much better than that of Mg72Zn26Y2 and
Mg71Zn26Y2Cu0.5Ni0.5 QC alloys. The further study shows
that this result can be ascribed to the existence of well-
distributed nano-QC phases (shown in Figure 5 by red
arrows) and polygonal Mg2(Cu,Y) phases [21]. These high-
corrosion resistance phases decrease the anodic passive
current density, improve the polarization resistance, cut
down the corrosion rate (Table 3), and finally improve the
corrosion resistance of the Mg-Zn-Y-based alloy markedly.
Cu and Ni have long been considered as harmful elements
for improving corrosion resistance of Mg-based alloy [22],
however they are used to synthesize nano-QC spheres in
this paper. Due to high-corrosion resistance of QC phases,
Mg71Zn26Y2Cu1 and Mg71Zn26Y2Cu0.5Ni0.5 nano-QC alloys
present better corrosion resistance than Mg72Zn26Y2 QC
alloy. Moreover, the corrosion resistance of Mg71Zn26Y2Cu1

nano-QC alloys is higher than Mg71Zn26Y2Cu0.5Ni0.5 nano-
QC alloys for the higher damage level of Ni to the corrosion
resistance of magnesium alloy than that of Cu when they have
same contents [22].

It was reported that a large negative enthalpy of mixing
and/or existence of Frank-Kasper-type phases appear to be
the crucial criteria for the formation of nano-quasicrystalline
phase in any system [23]. Meanwhile, Mg-Zn-Y-based QCs
just belong to Frank-Kasper-type phases [24] and have a
certain negative enthalpy of mixing. So theoretically, Mg-
Zn-Y-based nano-QCs can be formed in a proper cooling
conditions. The past cooling rate the researchers made
to produce QCs was whether too high or too low, and
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Figure 2: TEM photos of micro/nano-QC alloys and QC typical selected area electron-diffraction (SAED) patterns on Position B of different
alloys.

was not content with the forming conditions of nano-
QCs. This route just meets the demands for forming
nanoscale QCs. So, nano-QCs are successfully produced in
this paper. Moreover, the additions of Cu and Ni improve the
degree of constitutional supercooling of Mg-Zn-Y melts and
reduce the crucial criteria radius for forming spherical QCs.
However, increasing thermodynamics undercooling coming

from water-cooled wedge-shaped copper mould makes it
still possible to form spherical QCs. At the same time, the
alloy components designed for this study is based on the
three empirical rules [25] for the formation of metallic glass.
It has been widely accepted that quasicrystals and at least
some metallic glasses are built up with icosahedral clusters
[26]. The short-range atomic configuration is very similar



4 Journal of Nanomaterials

Element Wt% At%

MgK 16.29 35.22

YL 11.61 6.86

ZnK 72.1 57.92

Matrix Correction ZAF

760

608

456

304

152

0
0 2 4 6 8 10 12 14

Energy (KeV)

Mg

Zn

Zn

Zn

Y

(a)

897

717

538

358

179

1 2 3 4 5 6 7 8 9 10 11 12

Energy (KeV)

0

Element Wt% At%

MgK

YL

ZnK

Matrix

31.69 56.23

08.06 03.91

CuL 06.94 04.71

53.3 35.15

Correction ZAF

Mg

Zn

Zn

CuCu

ZnCu

Y

(b)

1 2 3 4 5 6 7 8 9 10 11 12

Energy (KeV)

752

602

451

301

150

0

Element Wt% At%

MgK

YL

ZnK

Matrix

CuL

Correction ZAF

NiL 04.51 03.44

07.53 05.31

28.43 52.36

10.37 05.22

49.16 33.67

Mg

Zn

Zn

Cu

Cu

ZnCuNi
Ni Y

(c)
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Figure 5: Pentagonal nanophase in Alloy 2 (a) TEM photo. (b) Magnifying TEM photo and (c) its fast Fourier transform (FFT) pattern.

Table 2: Comparisons of the quasicrystals (QCs).

Alloy Sample position QC size(diameter)/nm QC morphology Microhardness /HV

1
A 650–900 Petal-like 324

B 330–340 Spherical 375

2
A 370–400 Spherical 367

B 1.0–5.0 Spherical 459

3
A 20–55 Spherical 412

B 8–30 Spherical 438

Table 3: Corrosion parameters obtained from potentiodynamic
polarization curves for Position B of QC alloys in simulated
seawater.

Specimen Icorr/μA/cm−2 Rp/kΩ Corrosion Rate/mpy

1 11.09 6.925 19.298

2 2.035 14.76 1.522

3 3.762 8.105 3.084

Icorr: corrosion current; Rp : polarization resistance.

between the quasicrystal and amorphous phases [27]. On
the tip of the wedge-shaped ingots, its cooling conditions is
just suitable for these icosahedral clusters to be nucleation
of QCs. And then, it leaves very short time for quasicrystal
growth. So, it is nano-QCs that form in this route instead of
metallic glasses.

4. Conclusions

After introducing Cu(-Ni) into Mg-Zn-Y alloys, spheri-
cal nano-quasicrystals (nano-QCs) are directly prepared
on tip of wedged-shaped castings. Nano-QCs in the
Mg71Zn26Y2Cu1 alloy show well microhardness of greater

than HV450. At the same time, the Mg71Zn26Y2Cu1 nano-
QC alloy presents high corrosion resistance in simulated
seawater for the formation of well-distributed nano-QC
phases (1∼5 nm) and polygonal Mg2(Cu,Y) nanophases
(40∼50 nm).
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