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Nanotechnology is a promising science with wide applica-
tions from cosmetics, food products, clothing, and household
appliances to fuel catalyst, disease treatment, and renewable
energies. Nanotechnology is also being applied to a variety of
industrial and purification processes including construction
materials, nanomachining of nanowires, nanorods, graphene,
water filtration, and wastewater treatment.

Their applications are becomingwider in “nanomedicine”
by interfacing the nanomaterials with biological molecules or
structures, “green technology” to enhance the environmental
sustainability and “renewable energy” to develop the new
ways to capture, store, and transfer energy. For instance,
carbon nanotube productions have been used for applications
in energy storage, automotive parts, thin-film electronics,
coatings, and so forth.

Nanomaterials are found as important and keep growing
in the field of Nanoscience and Nanotechnology and in
recent years researchers are investing much effort on the
synthesis and applications of various nanomaterials, due
to their potential applications in science and industry. For
example, biocompatible nanomaterials are applied directly or
they are used to replace natural materials to function or to be
in contact with the living systems.

This special issue provides some new research and devel-
opments in nanomaterials. It presents the principles of the
synthesis and fabrication of self-assembly nanostructures
and their applications and also some important tools and
challenges associated with these techniques for engineers and
scientists.

First group of papers are explaining some novel ap-
proaches to enhance the optical and physical parameters
of material with different techniques. For instance, one
paper describes a synergistic effect combining dual-mode
(down- and upconversion) with enhancement rate of the
red emission in hexagonal prisms 𝛽-NaLuF4:Er3+ phosphors
by employing the dual wavelength source. Another one
describes the optimization of the parameters voltage, time,
solution composition, and temperature on the properties of
electrodeposited semiconductor thin films such as ECD In

2
S
3

with respect to the layer stoichiometry which can be applied
to manifold optimizations.

Second group of papers are about the thin films and their
physical properties. One tried to describe howmonodisperse
magnetic Fe

3
O
4
nanoparticles can be used as the catalysts

for the synthesis of vertically aligned carbon nanotube arrays
and another investigated the capping layer effect of silicon-
nitrogen on the microstructure and electrical and optical
properties of polycrystalline silicon prepared by aluminum
induced crystallization and showed the improvement of the
grain growth with reduction of the metal content in the
induced polycrystalline silicon film.

The third group of papers addresses the new techniques
of nanomaterials fabrication for electronics and magnetic
application where one of them explains the synthesis of axi-
ally p-n junction gallium nitride nanowires viametal-organic
chemical vapor deposition method and shows a substantial
increase in conductance under UV light exposure with
extremely short response time, and the other one addresses
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the preparation of highly monodispersive Pt nanoparticles
via two facile and environmental-friendly procedures which
show very high catalytic activity for a methanol oxidation
reaction and have a great potential for preparing other metal
and alloy NPs.
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The objective of the present work is to improve the protection against the oxidation that usually appears in core@shell nanoparticles.
Spherical iron nanoparticles coatedwith a carbon shell were obtained by amodified arc-discharge reactor, which permits controlling
the diameter of the iron core and the carbon shell of the particles. Oxidized iron nanoparticles involve a loss of the magnetic
characteristics and also changes in the chemical properties.Our nanoparticles show superparamagnetic behavior andhighmagnetic
saturation owing to the high purity 𝛼-Fe of core and to the high core sealing, provided by the carbon shell. A liquid iron precursor
was injected in the plasma spot dragged by an inert gas flow. A fixed arc-discharge current of 40A was used to secure a stable
discharge, and several samples were produced at different conditions. Transmission electron microscopy indicated an iron core
diameter between 5 and 9 nm. Selected area electron diffraction provided evidences of a highly crystalline and dense iron core.The
magnetic properties were studied up to 5K temperature using a superconducting quantum interference device. The results reveal
a superparamagnetic behaviour, a narrow size distribution (𝜎𝑔 = 1.22), and an average diameter of 6 nm for nanoparticles having
a blocking temperature near 40K.

1. Introduction

In the recent years the superparamagnetic particles appear
to be important agents for a variety of applications in the
fields of drug delivery, magnetic resonance imaging (MRI),
and cancer treatments like hyperthermia. This is due to the
special magnetic characteristic of these particles. That is the
reason of our interest in studying the size limits under which
the nanoparticles present a superparamagnetic behaviour [1].

In order to synthesize nanoparticles in the vapor phase,
appropriate conditions should be created. Like in the case
described in the capillary theory of nucleation and under
supersaturation conditions, a vapor phase mixture in ther-
mal plasma (arc-discharge) can become thermodynamically
unstable giving place to a nucleation process [2]. From that
and setting particular conditions, it is possible to produce
solid phase homogeneous particles in the vapor phase sur-
rounding the hot spot of the arc-discharge.

Themethod varies depending on the phase of the precur-
sor we are interested to use.

Here, the precursor is injected into thermal plasma which
provides the necessary conditions to induce reactions that
lead to supersaturation and particle nucleation. Under the
condition of thermal plasma, the precursor decomposes in
radicals, atoms, and ions forming a high temperature ionized
gas.The high concentration of species and high temperatures
in the plasma arc induce a diffusion process associated with
a fast quenching of gas species. During this process, the gas
species react and condense to form particles in a similar way
to a vaporized material when cooled down by mixing with a
cool gas or expanded through a nozzle [3].

The objective of this work is the control of the synthesis
of iron encapsulated in carbon nanoparticles, regarding the
size of the Fe core, the diameter of the C shell, and moreover
the quantity of the obtained nanoparticles. Fe is one of the
most common materials used for the formation of magnetic
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Figure 1: General picture of the “home made” reactor we used for
the synthesis of the iron encapsulated in carbon nanoparticles.

nanoparticles. It is due to its superparamagnetic behaviour,
which is easily controlled by the nanometric size of the
magnetic core, and because the Fe is suitable for biomedical
applications. The use of a carbon shell is intended to achieve
the required biocompatibility and prevents oxidation of the
iron core and formation of agglomerations of nanoparticles
[4].

The structural and morphological characteristics like
shape and size distribution were studied using transmis-
sion electron microscopy (TEM) and selected area electron
diffraction (SAED).The absence of oxygen was preliminarily
evidenced by the energy-dispersive X-ray analysis (STEM-
EDX). The magnetic characteristics were determined using
a superconducting quantum interference device (SQUID).

2. Materials and Methods

In order to facilitate the study ofmagnetic behavior and other
characteristics of core@shell nanoparticles, we modified an
arc-discharge reactor in order to operate for longer time and
produce bigger amounts of them (Figure 1).

To facilitate the complete collection of the produced
nanoparticles we dragged them out of the arc-discharge
chamber, by a laminar flow of an inert gas (He) to a flask
cooled by liquid nitrogen. The flow of the dragging gas that
we used was 3 L/min of volumetric flow of He (at 1 atm),
providing a moderated velocity of 65 cm/s in the nozzle
outlet. The precursor was in the gas phase. Helium is used to
drag microdroplets of ferrocene. The carbon electrodes can
be rotated and moved in order to avoid problems that the
consumption of carbon could cause. One of the electrodes

Table 1: Flow rate and resulting velocity and residence time for a
precursor vapor with 1% of ferrocene concentration.

He flow rate,
Φ (mL/min)

Precursor vapor
velocity,
U (cm/s)

Residence time,
𝜏 (ms)

30 ± 2 7.07 ± 0.50 71 ± 1.5
60 ± 2 14.13 ± 0.50 35 ± 1.5
120 ± 2 28.28 ± 0.50 18 ± 1.5

has a sharp conical tip shape (cathode) and the other has
a cylindrical shape with an approximate diameter of 4 cm
and can rotate andmove backward and forward (anode).The
plasma is being generated by a power supply to produce an
arc DC current of 40A.

The pressure was kept stable at near-atmospheric condi-
tions (5–8 × 104 Pa). The run period of one experiment was
30min. Although, to obtain more quantity of product, in
principle we can extend the time, it requires having stable
conditions during the production process. We used pure He
to drag the precursor compound because plasma becomes
more stable [5].

We investigated the effects of two technological param-
eters, the concentration of the Fe precursor into the solvent
isooctane and the total gas flow (He).

Both the isooctane and the Fe precursor (ferrocene) were
of a purity of 99.9%.

Residence time is the period that the nucleus of the
precursor is spending inside the plasma zone. The time that
gas atoms and precursor radicals stay inside the plasma zone
depends on the gas flow rate. This has an effect on the size of
the particles as the longer they stay inside the plasma zone,
the larger they grow [6].

The velocity 𝑢 and theHe flow rate,Φ, are related through
the equation

𝑢 =

4Φ

𝜋𝑑
2
, (1)

where𝑑 is the internal diameter of the cannula throughwhich
the gas is targeted in the plasma zone (∼3mm).

By measuring the size of the plasma zone ℎ (∼5mm) we
can estimate the residence time:

𝜏 =

ℎ

𝑢

. (2)

Table 1 shows the different residence times for several
values of He flow rate.

Different concentrations of Fe precursor into the isooc-
tane, from 1% to 4%w/w, were used to determine the effect
on the size of the particles and on the total amount of the
obtained product.

3. Results and Discussion

Images of nanoparticles were observed by TEM (JEOL 2100)
in high resolution mode, using 200 kV and a probe size of
0.5 nm [7]. Prior to TEMobservations, the formednanoparti-
cles were diluted inmethanol and thenmagnetically filtrated.
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Table 2: The iron core diameter average and its standard deviation of all our samples in relation to the two set parameters, He flow rate and
ferrocene/isooctane concentration. Samples with 1.1 < 𝜎

𝑔
< 1.4 are quite monodisperse. Samples having 𝜎

𝑔
above 1.4 (He flow of 60 sccm and

low ferrocene concentration) are bimodal.

He flow rate
(sccm)

Iron core size (nm)/geometric standard deviation, 𝜎
𝑔

[Ferrocene/isooctane]
1% w/w

[Ferrocene/isooctane]
2% w/w

[Ferrocene/isooctane]
4% w/w

30 8.18/1.22
(Figure 2(a))

5.43/1.34
(Figure 2(b))

5.34/1.33
(Figure 2(c))

60 6.23/1.47 6.12/1.46 5.22/1.22
(Figure 3)

120 5.22/1.25 — —

The size distribution of the nanoparticles follows the lognor-
mal function described by Granqvist and Buhrman [8]:

𝑓 (𝐷) =

1

√2𝐷 ln𝜎
𝑔

exp(−
ln2 (𝐷/𝐷)
2ln2𝜎
𝑔

) . (3)

Here, 𝐷 is the particle diameter, 𝐷 is the geometric mean,
which in a lognormal distribution is equal to its median,
and 𝜎

𝑔
is the geometric standard deviation (dimensionless)

which describes how spread out are the set of core diameters
from the geometric mean. Figure 2 shows several pictures
as example of the obtained particles for different flows and
concentrations. Figure 2(a) shows a TEM image of nanopar-
ticles obtained with a precursor flow of 30mL/min, in a
concentration of 1%w/w. Actually, this is the only sample
that presents an important difference in the size distribution
from all the others (average diameter of 8.18 nm). When
the precursor concentration was doubled to 2%w/w, the
iron core average size decreased to 5.43 nm (Figure 2(b)).
Figure 2(a) shows how the carbon forms a shell around the
Fe core. The shell of carbon in this sample is measured to
be between 4 and 6 nm thick. After doubling the precursor
concentration to 4%w/w, the size of these particles remains
quite constant to 5.34 nm, but the total amount and density
of nanoparticles increase (Figure 2(c)). From Table 2, when
the precursor concentration is kept to 1%w/w, an increase
of the He flow produces a decrease in the iron core size.
Residence time can explain this behavior only for condi-
tions of low precursor concentrations. At higher precursor
concentrations, residence time seems to have no influence
on the iron core size. This behavior could be associated
with the increase of the nucleation inducing an increase
in the particle concentration, as evidenced by comparing
Figures 2(b) and 2(c). This phenomenon could be related to
the reduction of the supersaturation conditions, establishing
a competitive mechanism limiting the resulting iron core
size.

Another detail in the micrographs of Figure 2 is the
absence of coalescence. This indicates a low concentration of
nucleus during the growth process for the conditions listed in
Table 2.

By treating all the size distribution results with ORIGIN
tools, 𝐷 and 𝜎

𝑔
were determined. To measure the diameter

of the nanoparticles we used ImageJ, a free software tool for

image processing and analysis. Figure 3 shows the histogram
of the size distribution for the nanoparticles which have
been synthesized under a precursor flow of 60mL/min and a
ferrocene concentration of 4%w/w. The resulting geometric
size average is 5.22 nm and the geometric standard deviation
1.22.

All the studied samples (Table 2) present a size dis-
tribution of the iron core between 5.22 nm and 8.18 nm.
This could be due to the stabilization of the growth of the
carbon shell after reaching the critical radius of a carbon
sphere. Under this hypothesis, the formation of a stable
carbon shell would limit the Fe core growth. According
to the studies reported by Kuznetsov et al. [9], the nucle-
ation of carbon on the surface of the metal catalyst is
something common for all kinds of carbon deposits. The
difference in morphology of the carbon deposits depends
on the reaction conditions and on the nature of the metal
catalyst. A thermodynamic analysis of the effect of different
reaction parameters on the critical radius of the carbon
nucleus was performed and showed that an increase in the
temperature can be responsible for the formation of smaller
nuclei.

Another interesting fact supporting the formation of a
carbon shell on the iron nanoparticles is that the use of
metals, which are characterized by a higher metal-carbon
energy bond, yields nanotubes of smaller radius [9]. In these
studies, the critical radius of the carbon is related to the
change in Gibbs free energy during the nucleation [9]. The
only sample that seems not to follow this assumption is the
one grown under conditions of 1%w/w of Fe concentration
and precursor flow of 30mL/min.This result could be related
to the higher residence time associated with a low flow rate,
which leads to an increase in the core size and a delay in
reaching the conditions of carbon supersaturation located
outside the hot plasma region.

To discuss the size distribution of our samples we can rely
on the geometric standard deviation, 𝜎

𝑔
. The results of size

and dispersion of iron cores along with their experimental
parameters are listed in Table 2. A geometric standard devia-
tion lower than 1.1 indicates amonodisperse size distribution,
whereas for values above 1.4 indicates a wide distribution
of size. Between these two values the size distribution is
considered quite monodispersed. When the dispersion is
larger than 1.4, the size distribution is considered to be
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Figure 2: TEM images of iron encapsulated in carbon nanoparticles produced by arc-discharge (40 ± 5 A of current) using different flows
and concentrations accompanied by their size distribution histograms. (a) 30mL/min with a concentration of 1% w/w, (b) 30mL/min with a
precursor concentration of 2% w/w, and (c) 30mL/min with a concentration of 4% w/w.
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Figure 3: Histogram of the size distribution for iron nanoparticles
grown under precursor concentration of 4%w/w and He flow of
60mL/min. The iron core is 5.22 nm and the geometric standard
deviation 𝜎 1.22.

bimodal [10]. Table 2 lists the level of dispersion of the
different samples.

The absence of oxygen in the spectrum was preliminarily
evidenced by the energy-dispersive X-ray analysis (STEM-
EDX). Oxygen peak is not present in the spectrum in the
expected energy (O-K𝛼 at 525 eV), which indicates a low
level of oxygen. In addition, an HRTEM picture of a iron
encapsulated in carbon nanoparticle was taken (Figure 4).
To obtain the crystal structure of the iron core and the
carbon shell, we calculated its fast Fourier transform (inset
of Figure 4).The only phases evidenced from this figure were
the 𝛼-Fe (𝑑-spacing = 0,202 nm) and the iron carbide (𝑑-
spacing = 0,221 nm). No diffraction points of iron oxides
were detected [11] in any of our samples. The phases of iron
carbide probably are located in the interface between the
iron core and the carbon shell. As we comment below from
the magnetic measurements, the content of the iron carbide
phase is minor if compared with the 𝛼-Fe.

In addition carbon shell appears surrounding completely
the iron cores forming crystalline domains with a structure
similar to the fullerene one.

This result suggests that iron core is completely sealed into
the cover shell, which is of great importance and interest in
biomedical applications [12].

SQUID measurements were used to investigate the mag-
netic characteristics of our samples. Two hysteresis loops
(Figure 5) of different samples were studied to compare
their characteristics. Samples of Figures 5(a) and 5(b) were
produced by means of a precursor gas flow of 30mL/min
and with a precursor concentration of 1%w/w and 2%w/w,
respectively.

From the hysteresis loop measured by SQUID at 5 K
we have obtained the coercive field 𝐻

𝐶
. For the sample of

the 2%w/w concentration having a diameter 5.43 nm, this
is 0.03 T and, for the sample of 1%w/w with a diameter

of 8.18 nm, it is 0.05 T. These results come in agreement
with other results which indicates the influence of the size
on the magnetization when it comes to superparamagnetic
nanoparticles [13].

Subsequently we compare the values of the coercive
field with those reported in the bibliography for magnetic
nanoparticles encapsulated in carbon nanotubes [14]. We
have calculated the critical radius of the iron consisting of
uniaxial nanoparticles. To achieve this, we use the Neel-
Arrhenius equation [15] for blocking temperatures 𝑇

𝐵
= 40K

and 𝑘
𝐵
= 1.380⋅10−23 J/K assumed. Then, from the equation,

𝑇
𝐵
=

𝐾 ⋅ 𝑉

𝑘
𝐵
⋅ log (𝑡

𝑚
/𝑡
0
)

, (4)

where the factor log(𝑡
𝑚
/𝑡
𝑜
) = 25, 𝑡

𝑚
is the measuring time

of the SQUID (100 s), and 𝑡
0
is the characteristic relaxation

time. The value 𝐾 is the anisotropy energy density (𝐾 =
4.8 × 10

4 J/m3 for Fe bulk) and the volume is as follows:

𝑉 =

4𝜋

3

𝑑
3

8

, (5)

where 𝑑 is the diameter of the core. From the above relations
the critical radius is calculated to be 4.09 nm.The theoretical
graph shows the connection of the radius of the nanoparticles
to 𝐻
𝐶
and the comparison with the values of the samples

shows an agreement. To obtain the curve, the following
equation is used [16]:

𝐻
𝐶
= 𝐻
𝐶𝑂
[1 − (

𝐷
𝑃

𝐷

)

3/2

] . (6)

In this equation, 𝐻
𝐶𝑂

is the field that should be applied
in order to demagnetize the bulk material, 𝐷

𝑃
is the critical

radius belowwhich our particles become superparamagnetic,
and𝐷 is the real radius of the sample. For particles of 5.43 nm
we expect a coercive field 𝐻

𝐶
= 0.035 T. The coercive field

from our sample of this size is measured to be 0.030 T, which
is a value very close to the theoretical one. For nanoparticles
of a diameter around 8.1 nm the theoretical value of 𝐻

𝐶

is expected to be 0.053 T. The value of our sample of this
diameter is 0.050 T which is also in agreement with the
theoretical one. In the case of very small nanoparticles,
one can observe superparamagnetic behavior related to the
fact that a demagnetization effect arises from the additional
energy of the magnetic fields outside the graphitic carbon
encapsulation [17].

SQUIDmeasurements of a sample in concentration of 1%,
in a precursor gas flow of 60mL/min, and in temperatures
of 5 and 300K were taken. In Figure 6 the normalized
magnetization versus the applied field can be seen. The ratio
of remnant to saturation magnetization both at 5 K and in
room temperature is 0.9, less than 0.25 which is the value
for the paramagnetic materials, so the carbon-coated iron
nanoparticles are superparamagnetic materials [18].

From the zero field cooled and the field cooled curve it can
be seen that the nanoparticles are superparamagnetic in room
temperature. The blocking temperature appears near 40K,
where the maximum of the ZFC magnetization is localised.
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Figure 5: The hysteresis loops measured at 5 K for samples with different precursor concentrations: (a) 1%w/w and (b) 2%w/w. Both were
obtained at a precursor gas flow of 30mL/min.

Gittleman’s model describes blocking temperature and the
critical volume that separates nanoparticles from the blocked
state (V > VP) and superparamagnetic state (VP > P) [19].
Also, as the peak of the zero field cooled curve is quite narrow,
we can assume that the size distribution is narrow as well
(Figure 7) [20].

4. Conclusions

Our proposed synthesis method provides us with the capa-
bility of a very good control in the size of the synthesized
nanoparticles.Morphological and structural characterization
revealed a quite good monodispersion as well as the 𝛼-phase
crystallinity of the iron core, the iron carbide phase, and the

absence of oxygen. These are very important factors when it
comes to large scale productions, necessary for biomedical
applications. The iron core is completely shielded by carbon.
The magnetic characterization revealed the superparamag-
netic behavior of the particles in temperatures above 300K.
Further research will be done concerning the improvement
of the collection process of the nanoparticles in order to have
the highest amounts possible per experimental round.
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and E. Bertran, “Morphological and magnetic properties of
superparamagnetic carbon-coated Fe nanoparticles produced
by arc discharge,” ASP Journal of Nanoscience and Nanotechnol-
ogy, vol. 10, no. 4, pp. 2646–2649, 2010.



8 Journal of Nanomaterials

[12] K. D. Bakoglidis, K. Simeonidis, D. Sakellari, G. Stefanou,
and M. Angelakeris, “Size-dependent mechanisms in AC mag-
netic hyperthermia response of iron-oxide nanoparticles,” IEEE
Transactions on Magnetics, vol. 48, no. 4, pp. 1320–1323, 2012.

[13] B. S. Han, C. K. Rhee, M. K. Lee, and Y. R. Uhm, “Synthesis
of nano crystalline Ni and Fe by levitational gas condensation
method,” IEEE Transactions on Magnetics, vol. 42, no. 11, pp.
3779–3781, 2006.

[14] D.Gozzi, A. Latini, G. Capannelli et al., “Synthesis andmagnetic
characterization of Ni nanoparticles and Ni nanoparticles in
multiwalled carbon nanotubes,” Journal of Alloys and Com-
pounds, vol. 419, no. 1-2, pp. 32–39, 2006.
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Uniaxially p-n junction gallium nitride nanowires have been synthesized via metal-organic chemical vapor deposition method.
Nanowires prepared on Si(111) substrates were found to grow perpendicular to the substrate, and the transmission electron
microscopy studies demonstrated that the nanowires had singlecrystalline structures with a <0001> growth axis. The parallel
assembly of the p-n junction nanowire was prepared on a Si substrate with a thermally grown SiO

2
layer. The transport studies

of horizontal gallium nitride nanowire structures assembled from p- and n-type materials show that these junctions correspond to
well-defined p-n junction diodes.The p-n junction devices based on GaN nanowires suspended over the electrodes were fabricated
and their electrical properties were investigated. The horizontally assembled gallium nitride nanowire diodes suspended over the
electrodes exhibited a substantial increase in conductance under UV light exposure. Apart from the selectivity to different light
wavelengths, high responsivity and extremely short response time have also been obtained.

1. Introduction

Over the past several years, wide band gap gallium nitride
(GaN) nanowires (NWs) have been extensively studied due
to their extremely dense logic and unique physical properties
with tunable and well-defined atomic composition [1–7].
Recently, single-crystalline semiconductor nanostructures
have received great attention due to their superior properties
and potential applications in comparison with their bulk
form. Among the nanostructured materials, nanowires are
very interesting with the charge carrier confined in a one-
dimensional (1D) space owing to their special configuration.

Successful growth of GaN nanowires on silicon and other
mismatched substrates has been demonstrated by several
workers [8–11]. The nanowires exhibit significantly reduced
defect density due to their large surface-to-volume ratio. A
reduced strain distribution in the nanostructures also leads
to a weaker piezoelectric polarization field. In addition, the

enhanced light collection efficiency [12, 13] as well as the
highly reduced material consumption [14] with respect to
the conventional thin film devices makes nanowires quite
attractive for the development of optoelectronic devices. Also,
nanoscale control during device fabrication allows systematic
exploitation of quantum confinement effects in LEDs [15–17].
It is noted that the luminescence wavelength can be tuned
precisely by controlling the dimensions of the nanostructures
[18]. Fabricating vertically aligned nanostructures enables the
formation of three-dimensional LED architectures, which
have a great potential for improved device efficiency due to
an enhanced light extraction efficiency [19], increased light
emitting active area, and reduced quantum Stark effect [20].

The range of potential applications of semiconductor
nanowires keeps increasing in the fields of device miniatur-
ization [21], field-effect transistors [2, 22, 23], photovoltaic
cells and light emitting devices [24–27], and so forth. To fab-
ricate nanometer-scale devices, with bottom-up techniques,
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a conventional approach is to start with random dispersion
from a nanowire or nanostructure suspension, followed by
electrode fabrication at a known nanostructure location on
the substrate [28, 29]. Several experimental techniques have
been reported for manipulation of GaN nanowires into well-
defined arrays for integrated devices. A high-brightness n-
GaN nanowire on p-GaN has been synthesized using dielec-
trophoresis method by Lee et al. [30]. One-dimensional GaN,
nanostructure arrays with low defect density are fabricated
employing porous anodic alumina films as the template
and lead to high-performance devices [31]. The aligned and
dislocation free GaN one-dimensional nanostructures have
been fabricated usingmolecular beamepitaxy (MBE) [32, 33],
metal-organic chemical vapor deposition (MOCVD) [34–
37], and hydride vapor-phase epitaxy (HVPE) [38, 39]. Tang
et al. [40] have conducted controlled synthesis of a vertically
aligned p-GaN nanorod array on an n-Si substrate by thermal
evaporation of GaCl

3
.

In the study reported here, we have conducted a detailed
investigation of the horizontal assembly of p-n junction
GaN nanowires directly on Si(111) substrates by MOCVD.
The structural, optical, and electrical characteristics of the
nanowires have been measured and are discussed. p- and n-
type doping of the nanowires is accomplished by introducing
trace amounts of Mg and Si, respectively. This doping capa-
bility enables the formation of an epitaxial p-n homojunc-
tion, which leads to highly efficient radiative recombination
between electrons and holes [41, 42]. Finally, p-n junction
GaN array diode has been fabricated horizontally with an
ensemble of nanowires and the properties of these diodes
are also presented. The grown p-n junction GaN nanowires
were characterized by field emission scanning electron
microscopy (FE-SEM), X-ray diffraction (XRD), photolumi-
nescence (PL), and cathodoluminescence (CL) spectroscopy.
Themorphology of as-grown nanowires was further analyzed
by high resolution transmission electron microscopy (HR-
TEM). The response time of the p-n junction GaN nanowire
was measured by using Nd-YAG laser at the fourth frequency
(266 nm) with 6 ns Gaussian pulses.

1.1. Materials and Methods. Horizontally aligned p-n junc-
tion GaN nanowires were grown on Si(111) substrates in a
handmade MOCVD system with a horizontal quartz reactor.
Before the substratewas loaded into the reactor, it was cleaned
by ultrasonic cleaning in acetone and methyl alcohol for
5min.After that the substrateswere overflowedwithDIwater
for 5min and etched by HF (2%) acid for 5min to remove the
native oxide layer.

To investigate the more complex nanowire structures
required for active p-n junction devices, we exploited
MOCVD, which is a technique used extensively for the
growth of planar GaN-based heterostructures, as a means
of Ga and NH

3
reactants as well as silicon and magnesium

dopants in a highly controlled and reproducible manner.
Trimethylgallium (TMG), ammonia (NH

3
), silane (SiH

4
,

10 ppm diluted in H
2
), and Cp

2
Mg are the precursors for

Ga, N, and Mg, respectively. Hydrogen (H
2
) was used as

the carrier gas in the present experiment. Figure 1 illustrates
the fabrication flow chart of p-n junction nanowires on

Si(111) substrates after providing several procedures. We
have fabricated n-GaN:Si nanowire on Si substrate by newly
developed two-step growth process. The first stage of the
two-step growth process typically begins with a coated Au
film on Si(111) substrate by ion sputtering system. The Au +
Ga nanodroplets were formed by MOCVD under hydrogen
ambient for 10min. These nanodroplets act as a nucleation
seed for the growth ofGaNnanowire. After that, the pulsed n-
GaN seedswere grownonAu+Gananodroplets using pulsed
flow method. Pulsed n-GaN seeds were grown up to 10 pairs
at a working pressure and temperature of about 600 torr and
710∘C, respectively. During the pulsed growth mode, group
III and group V precursors were introduced alternately in
the following sequence: TMG, 3min; NH

3
, 3min. In the last

step, n-GaN/p-GaN nanowires were grown on pulsed n-GaN
seeds at 920∘C (1 hour) and 890∘C (20min), respectively, by
continuous flow mode. During the continuous flow mode,
group III and group V precursors were introduced simulta-
neously. The n-GaN nanowires were grown with the doping
of silane gas, which is a critical factor to initiate the vertical
nanowire growth. The experiment was carried out for the
Cp
2
Mg flow rate of 5 sccm (standard cubic centimeters per

minute).The single-crystallineGaNnanowireswere horizon-
tally assembled on a degenerately doped siliconwafer covered
with 300 nm SiO

2
. The GaN nanowires were dispersed on

the grid using a micropipette. After the evaporation of the
ethanol, polymethyl methacrylate (PMMA) was spin coated
for 40 sec on the grid at 5000 rpm. Using e-beam lithography
process the PMMA was removed partially. 5/100 nm thick
Ti/Pt electrodes were deposited on both ends of the aligned
nanowires by DC sputtering method. The remaining PMMA
was removed using lift-off technique using acetone.

In our present study, we have intentionally reduced the
growth temperature/pressure, so that the drift velocities of
the adatoms were increased dramatically. At this stage, the
adatoms could move all along the surface of the nanowires
to form the sheath structure. Hence in order to induce
the smooth growth surface we have changed our growth
temperature from 920∘C to 890∘C. The dopant was changed
during the growth procedure in order to obtain the middle
point of the nanowire. This process enhances the linear
shape of the nanowire and controls the tape-like growth.
During the first stage of the growth, we can obtain an n-
type nanowire in nominally Si doped GaN according to the
presence of nitrogen vacancies and/or oxygen impurities.
Magnesium doping follows, carried out by supplying Cp

2
Mg

during the latter half of the growth, thus leading to p-type
growth. Finally, the as-prepared p-n junction nanowires were
assembled horizontally on a Cr/Au metal grid by using e-
beam lithography, DC sputter, and lift-off techniques.

The morphology of the p-n junction nanowire arrays was
investigated by field emission scanning electron microscopy
(FE-SEM/JEOL JSM-6500F, KBSI in Jeonju). Field emission
measurements were conducted in a vacuum chamber with
a pressure of 1.2 × 10−6 Pa at room temperature. A rod-
like stainless steel probe with 1mm diameter and 0.78mm2
in area was used as anode. The sample was used as cath-
ode. The spacing between the two electrodes is 100 𝜇m. A
ballast resistor of 10MV was used to protect the apparatus
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Figure 1: Schematic illustration of horizontally assembled single p-n junction nanowire diode fabricated on SiO
2
/Si substrates. (i) Au +

Ga droplets formation on Si(111) substrate, (ii) n-GaN seed formation at 710∘C, (iii) n-GaN/Si nanowire formation at 920∘C (1 hour), (iv)
formation of p-GaN/Mg nanowire at 850∘C (20min), and (v) horizontal assembly of p-n junction nanowire using e-beam lithography and
lift-off techniques.

against short circuiting. The optical properties of the as-
grown nanowire arrays were characterized by photolumi-
nescence (PL) spectrum using a 325 nm He-Cd laser and a
cathodoluminescence (CL) attached to the FE-SEM system.
Microstructure and single crystallinity of the nanowires
were confirmed by the high resolution transmission electron
microscopy (HR-TEM) and selected area electron diffraction
(SAED) analysis. The current-voltage (I/V) measurements
for the horizontally assembled nanowires were carried out
under different illumination environments.

2. Results of the Experimentation

Figure 2(a) shows the tilt-view FE-SEM images of n-GaN:Si
nanowires on n-GaN seeds. In the early stage of the n-GaN
seed growth, Au catalyst is known to play an important role to
nucleate the seed growth. But at high temperature it is difficult
to nucleate n-GaN:Si nanowires with Au catalyst alone. The
number of seed pairs is a crucial factor in determining
the dimension and density of nanowires. The density of n-
GaN nanowires was increased monotonically with increase
in number of seed pairs. Moreover, it is observed from the
figure that large-scale, vertically, or slantingly aligned GaN
nanowires were uniformly grown in high density on the
Si(111) substrate and have clean surface. Notably, Au clusters
after supporting the formation of GaN nuclei may leave the
location owing to the high diffusion rate of Au atoms at
high growth temperatures [43, 44]. Most probably, small Au
clusters react with the GaN layer chemically during the wire

growth. Therefore, in this case the Au particle catalyzing the
GaN nanowire growth remains neither at the root nor at the
tip after extendednanowire growth period. From the FE-SEM
data, the average diameters of the nanowires were about 300–
400 nm and their lengths are mainly approximately 4 𝜇m.
The diameters of the n-GaN nanowires were observed to be
uniform from the top to the bottom.

Figure 2(b) shows panchromatic CL spectra of n-GaN
nanowires grown on n-GaN seed. The emitted CL was
collimated by mirrors located near the sample, transmitted
through a fused-silica window in the SEM, and refocused
onto the entrance slit of a 0.34mm spectrograph, with a 600
line/mm grating and entrance slit width of 0.05mm. The
spectra were recorded by a computer-controlled, nitrogen-
cooled CCD camera.Thewavelength resolution was 0.29 nm,
which is equivalent to an energy resolution of 2.3 × 10−4E2 eV,
where 𝐸 is photon energy. The CL experiments were carried
out at a temperature of 300K.The GaN signature in the 290–
360 nmwavelength range was used to optimize the CL signal.
The applied accelerating voltage (𝑉

𝑎
) and beam current (𝐼

𝑏
)

are 5 kV and 1000 pA, respectively. The slit widths were set
at 1mm, which is the optimum width for achieving high
count rates. From the CL spectra we could observe that the
n-GaN:Si nanowires show a near-band-edge emission (NBE)
centered at 370 nm in the ultraviolet range of the spectrum
due to the increased excitation rates associated with CL. We
could not observe any deep-level (yellow) CL for the n-GaN
nanowires arising either directly from the atomic structure
of the dislocations or associated with the clustering of native
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(c) SAED pattern of the n-GaN NW:Si, (d) the lattice image obtained by inverse fast fourier transform (IFFT), and (e) fast fourier transform
image (FFT).

point defects (vacancies, interstitials) [45]. From this data,
one can understand that the grown n-GaN:Si nanowires were
high quality with lower defect. Figure 2(c) shows a FE-SEM
image of a single n-GaN:Si nanowire and its corresponding
CL mapping received at wavelength 370 nm is presented
in Figure 2(d). The wavelength 370 nm is corresponding to
the maximum peak energy of the band emission. From the
CL image, it is observed that the 370 nm emission is quite
uniform throughout the GaN structure which appeared as
white color. From Figure 2(d), one can also see that the
emission intensities are quite uniform,whichmight be related
to the homogenous distribution of strain within the self-
organized n-GaN nanowires.

Figure 3 shows bright field and high resolution TEM
images as well as selected area diffraction (SAED) pattern.
Figure 3(a) shows the HR-TEM image of a single n-GaN:Si
nanowire. The stacking of hexagonal basal planes along the
growth orientation of the wire and the <0001> direction can
be seen in the high resolution mode. The GaN nanowire
exhibits a 2H hexagonal structure. Figure 3(b) shows a high-
magnification TEM image of n-GaN nanowire. The clear lat-
tice fringes confirmed in the HRTEM image indicate that the
nanowire is hexagonal single-crystalline structure without
defect or secondary phases. This is consistent with wurtzite
GaN structure and corresponds to the lattice spacing between
the (0 0 0 1) planes in the GaN phase. Figure 3(c) reveals
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Figure 4: (a) FE-SEM image of horizontally assembled n-GaN/Si nanowire, (b) the current-voltage measurements of n-GaN/Si nanowire.

the representative SAED pattern, with the (1100), (0001),
(0001), and (1100) diffraction spots. These regular diffraction
spots demonstrated that n-GaN nanowires grew along a
<0001> direction. The lattice structure shown in Figure 3(d)
represents the IFFT image of high resolution. Such images
clearly show the (0001) atomic planes perpendicular to the
nanowire axis. Figure 3(e) represents the corresponding
FFT pattern of the HRTEM image that indicates the n-
GaN nanowires are preferentially oriented along the 𝑐-axis
direction, as well, and are indexed to the reflections of the
wurtzite structure.

Figure 4(a) shows the horizontal assembly of single n-
GaN:Si nanowire. The single-crystalline n-GaN nanowires
fabricated by two-step growth process were horizontally
assembled on a degenerately doped silicon wafer covered
with 300 nm SiO

2
. In the next process, 5/50 nm thick Cr/Au

metal grid was formed by e-beam lithography, e-beam
evaporator, and lift-off techniques. In order to disperse the
n-GaN nanowires, Si substrate was immersed in ethanol.
The substrate immersed in ethanol was sonicated for 5min.
The n-GaN nanowires were dispersed on the grid using a
micropipette. After the evaporation of the ethanol, PMMA
was spin coated for 40 sec on the grid at 5000 rpm. Using e-
beam lithography process the PMMA was removed partially.
5/100 nm thick Ti/Pt electrodes were deposited on both ends
of the aligned nanowires by DC sputtering method. The I/V
characteristics of the single n-GaN nanowire suspended over
the electrodes are shown in Figure 4(b). The I/V curve of
the n-GaN nanowire shows obvious ohmic behaviour of the
fabricated nanowire. The linear I/V curve for the fabricated
GaN nanowire reveals that good ohmic contacts have been
obtained.

Figure 5 shows the FE-SEM image of a single p-n junction
nanowire. It is observed from the figure that the n-GaN and
p-GaN growth regions are not distinguishable from each
other due to the smooth morphology. This diverse growth
rate is due to the reduction in temperature from 920∘C to
890∘C. Distinctly different from the morphology of n-doped
GaN nanowires, p-doped GaN nanowires exhibit smooth

morphology throughout the wire with uniform diameter
along the length of the nanowire, as observed in SEM image
(Figure 5(a)). The p-doping leads to a clear morphology
evolution from the smooth to the rough one, and thus the
aspect ratio of GaN nanowires increased greatly. Obviously
we could observe that the p-doping has resulted in the forma-
tion of some sharp tips protruding from the GaN nanowire
surface (Figure 5(a)). In fact it has been demonstrated that
the morphology and geometrical shape of nanostructures
are quite sensitive to the adding of foreign impurities even
though their content is less than the limit of X-ray energy
dispersive spectrometer (EDS) measurement. The introduc-
tion of doping elements may affect the growth behaviour
or thermodynamics of GaN nanostructures and leads to the
changes of morphology and geometry shape. Figures 5(b)
and 5(c) represent the CL spectra measured from the n-
GaN:Si/p-GaN:Mg regions. The emissions of both regions
were centered at 370 nm and 436 nm, respectively. The CL
peak of p-GaN:Mg region is smooth corresponding to the n-
GaN:Si region without any defect luminescence. The major
luminescence at 436 nm was demonstrated to be contributed
uniformly from the whole p-GaN:Mg nanowire region.These
emissions originated from the transition between the con-
duction band and Mg-related acceptors. This wavelength
is consistent with band-edge emission from a p-GaN:Mg
structure.

Figure 6(a) represents the FE-SEM image of the hori-
zontally assembled GaN nanowire p-n junction device struc-
ture. The current-voltage (I/V) measurements with the GaN
nanowire p-n junction diode were carried out under differ-
ent illumination environment. Our experiment involved a
double-wavelength handheld UV lamp of 254 and 365 nm
in fixed wavelength at a distance of approximately 3 cm
away from the nanodiode. The nanostructured device was
kept under practical conditions, that is, in air, at room
temperature, and under indoor incandescent light during the
measurements. The power density was 0.3mW/cm2 for both
UV wavelengths. Figure 6(b) shows three I/V curves plotted
at gate voltage (𝑉

𝑔
) = 0V under incandescent light and
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Figure 5: FE-SEM image of (a) p-n junction GaN nanowire, (b) and (c) the CL spectrum and mapping (436 nm) taken at p-GaN/Mg region,
and (d) the CL spectrum taken at n-GaN/Si region.

upon exposure to UV light at wavelengths of 254 and 365 nm,
respectively. Enhanced conduction behaviour was observed
for UV illumination of both the wavelengths; nevertheless,
the magnitude of both wavelengths differed significantly.
The observed data clearly exhibits that under UV exposure
the nanowire conductivity increases greatly. The enhanced
conductivity under UV light illumination is attributed to
the excess photogenerated carriers in the semiconducting
nanowire. We have also observed that a higher power density
of UV light produces more carriers for conduction. The UV
light with a wavelength of 254 nm has photon energy of
4.88 eV, which is sufficient enough to excite electrons across
the 3.4 eV bandgap of GaN. Furthermore, the energy of UV
light with a wavelength of 365 nm corresponds to 3.39 eV,
which is slightly lower than the GaN bandgap. On the other
hand, there are still some photons that exist with higher

energies due to the nonzero spectrum width, which can
generate electron-hole pairs and thus increase the carrier
combination of the nanowire. Figure 7(a) shows the spectral
response curve of the p-n junction device structure at zero
bias. Spectral photoresponse measurement was done in the
250–500 nm range with a 150W Xenon arc lamp light source
and a Jobin-Yvon H10-UV monochromator. The monochro-
mated output light was coupled into a multimode UV fiber
by which the sample was illuminated. Calibration of the light
source output was carried out by using a calibrated Si pho-
todetector and a Newport 1835-C optical power meter. The
responsivity was quite flat over the band gap with an abrupt
cutoff wavelength at 365 nm. The maximum responsivity
value was 0.17 A/W around 250 nm. An UV/visible contrast
of more than three orders of magnitude was obtained. This
indicates that the GaN p-n junction diode has good spectral
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Figure 7: (a) The responsivity and (b) response time spectra for the single p-n junction GaN nanowire grown on Si(111) substrate.

selectivity. Figure 7(b) shows the response time for the p-n
junction single GaN nanowire. The response time of the p-
n junction GaN nanowire was measured by using the fourth
frequency of Nd-YAG laser (266 nm) with 6 ns Gaussian
pulses. The p-n junction GaN nanowire shows a response
time with a full width at half maximum (FWHM) of 15.4 ns
under nonbiased condition.The device wasMeasured at zero
bias, but resulted a very fast response time. The response
time is significantly faster than the 118 ns for n-GaN Schottky
device [46]. It clearly shows that the perturbation induces an
electric field along the nanowire that enhances the collection
of photogenerated carriers with higher photo response.

3. Conclusions

In summary, horizontal assembly of p-n junction single-
crystalline GaN nanowires has been fabricated via metal-
organic chemical vapor deposition method using Mg as
the p-type dopant. Nanowires prepared on Si(111) substrates
grow epitaxially with a (002) direction. The prepared GaN
nanowires show excellent rectification properties. n-doped
GaN nanowires fabricated under similar conditions invari-
ably produce linear current-voltage curves, suggesting that
the observed rectification comes from the p-n junction. In
addition to that, the transport studies of GaN nanowire
structures assembled horizontally from p-type and n-type
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materials show that the nanoscale junctions behave as the
well-defined p-n junction diodes. The photoresponse prop-
erties reveal that the nanodiode fabricated in our present
study exhibits advantages in high responsivity and response
time. And also, it can be concluded that this nanowire pho-
todetector having low dislocation density will show higher
sensitivity than the device fabricated by GaN epitaxial layer
having high defect density in missile detection and flame
sensing applications.
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We investigated the capping layer effect of SiN
𝑥
(silicon nitride) on the microstructure, electrical, and optical properties of poly-

Si (polycrystalline silicon) prepared by aluminum induced crystallization (AIC). The primary multilayer structure comprised
Al (30 nm)/SiN

𝑥
(20 nm)/a-Si (amorphous silicon) layer (100 nm)/ITO coated glass and was then annealed in a low annealing

temperature of 350∘Cwith different annealing times, 15, 30, 45, and 60min.The crystallization properties were analyzed and verified
by X-ray diffraction (XRD) and Raman spectra.The grain growth was analyzed via optical microscope (OM) and scanning electron
microscopy (SEM).The improved electrical properties such as Hall mobility, resistivity, and dark conductivity were investigated by
using Hall and current-voltage (𝐼-𝑉) measurements. The results show that the amorphous silicon film has been effectively induced
even at a low temperature of 350∘C and a short annealing time of 15min and indicate that the SiN

𝑥
capping layer can improve the

grain growth and reduce the metal content in the induced poly-Si film. It is found that the large grain size is over 20 𝜇m and the
carrier mobility values are over 80 cm2/V-s.

1. Introduction

Recently, polycrystalline silicon (poly-Si) films fabricated
on glass or plastic substrates have attracted much atten-
tion because of their applications in optic-electrical devices
such as thin-film transistors (TFTs) [1], sensors, thin film
solar cells, and active matrix organic light-emitting diode
(AMOLED). The reason is that the mobility of the polycrys-
talline silicon (poly-Si) thin film is 10 to 100 times greater
than that of the amorphous silicon (a-Si) thin film which
has the mobility value less than 1 cm2/V-s [2]. Conventional
solid phase crystallization (SPC) of a-Si thin film needs a
relatively high process temperature larger than 800∘C and a
long processing time. However, the average grain size of poly-
Si was small in the range of 1-2 um and a poor crystal quality
was obtained through SPC method [3]. A low-temperature
polysilicon (LTPS) is the polycrystalline silicon film formed

by subsequent low-temperature crystallization of amorphous
silicon (a-Si). Usually, there are two common methods for
fabrication of LTPS film such as excimer laser annealing
(ELA) [4] and metal induced crystallization (MIC) [5–21].
TheELAmethod is currently used as a low-temperatureman-
ufacturing approach; however it needs expensive equipment
to be implemented.

Generally, MIC method is studied for the fabrication
of the LTPS film. Many different metals can be used, such
as Pd [5], Au [6], and Al [7–19]. The aluminum induced
crystallization (AIC) fabrication is one of the MIC methods
with the advantages of a low annealing temperature less than
577∘C [7–10] and large grain sizes [11–13]. However, since
the reaction of the Al and a-Si is fast, residual Al metal in
the induced poly-Si film as the traps results in a decrease
in carrier mobility. Moreover, it is difficult to control the
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distribution of the residual Al metal so that the grain size
during the grain growth is abnormal [7, 8]. However, the
performance of devices fabricated on poly-crystalline silicon
strongly depends on grain size because grain boundaries also
usually act as traps and recombination centers for carriers [7].

It was reported that the use of capping layer could
control the lateral growth of poly-Si through lateral thermal
gradients. Formerly, there were different patterned capping
layers such as SiO

2
, SiN
𝑥
, and metal capping layers [14]

used on the a-Si to reduce metal contamination and obtain
a clean and smooth surface [15]. For example, Choi et al.
demonstrated a Ni-induced crystallization of a-Si through a
SiN
𝑥
capping layer [14] annealed in a rapid thermal annealing

system. However, the properties of the LTPS using AIC with
the capping layer have not been reported. Additionally, SiN

𝑥

usually acts as an antireflection layer in solar cell device and
then a metal layer such as Ag or Al is deposited on the
antireflection layer (SiN

𝑥
). After firing, the metal such as Ag

or Al will diffuse through SiN
𝑥
layer to react with Si to form

an ohmic contact. Therefore, we expected that the Al film
is deposited on the capping layer and diffuses through the
capping layer to form the seeds in a-Si thin film for crystalliza-
tion. In this paper, we investigated the capping layer (silicon
nitride, SiN

𝑥
) effect on the microstructure, electrical, and

optical properties of poly-Si prepared by the AIC method.

2. Experiment

Hydrogenated amorphous silicon (a-Si:H) and SiN
𝑥
layers

were sequentially deposited on indium tin oxide (ITO)
coated glass by plasma-enhanced chemical vapor deposition
(PECVD) equipment. Figure 1(a) shows the experimental
procedure of this study for poly-Si thin films using AIC with
the capping layer.The thickness of a-Si:H was 100 nm and the
deposition parameters for the RF power, chamber pressure,
substrate temperature, N

2
, and SiH

4
flow rates were con-

trolled at 100W, 300mTorr, 350∘C, 1140 sccm, and 30 sccm,
respectively. The thickness of SiN

𝑥
layer was 20 nm and the

deposition parameters for the RF power, chamber pressure,
substrate temperature, NH

3
, N
2
, and SiH

4
flow rate were

controlled at 20W, 300mTorr, 350∘C, 30 sccm, 450 sccm, and
25 sccm, respectively. Then, 30 nm thick aluminum film was
deposited on the SiN

𝑥
layer using sputter system and the

parameters for the DC power, chamber pressure, substrate
temperature, and Ar flow rate were controlled at 1000W,
2 × 10

−6 Torr, 25∘C, and 5 sccm, respectively. When the
aluminumdeposition process was finished, the specimenwas
cut into small pieces and annealed at 350∘C for 15, 30, 45, and
60minutes in anN

2
atmosphere. After annealing, theAl layer

was first removed using wet selective etching solution and the
etchants consist of phosphoric acid, nitric acid, and acetic
acid. The SiN

𝑥
layer was then removed in the reactive ion

etch (RIE) system. The expected transformation procedure
for AIC of a-Si:H films on the ITO coated glass substrate is
shown in Figure 1(b).

The prepared samples were analyzed for evaluating the
influence of AIC process with capping layer. The crystallinity
and morphology characteristics were analyzed by using X-
ray diffraction (XRD, machine type: Bruker D8 Advance)

Table 1:The crystalline size and crystallinity of the poly-Si thin films
using AIC with the capping layer for different annealing time.

Time (min)
15 30 45 60

Crystallinity size (𝐷, nm) 13.1 17.8 19.8 20.8
Crystallinity (𝑋

𝑐
, %) 72 74 74 73

and Raman (machine type: Horiba HR80) analysis. Optical
microscopy (OM, machine type: Olympus BX-51) and scan-
ning electron microscope (SEM, machine type: Jeol-6700)
were used to observe themorphology of the film surface. Hall
measurement (machine type: Ecopia HMS-3000), four-point
measurement (machine type: Jandel HM21), and current-
voltage measurement (𝐼-𝑉, machine type: HP4145B) were
used to observe the electrical properties of the prepared sam-
ples. UV-Vis spectrometer (machine type:ThermoEvolution-
300) was used to measure the reflection and absorption
coefficient of the prepared samples in the wavelength range
of 200–400 nm.

3. Results and Discussion

3.1. Crystallite Structure. XRD analysis was performed on
these induced samples in order to confirm if the samples
are crystallized silicon after annealing and etching of Al
and SiN

𝑥
. Figure 2 illustrates the XRD of the poly-Si thin

films using AIC with capping layer on the ITO coated glass
substrate with the annealing time of (a) 15, (b) 30, (c) 45, and
(d) 60min. The highest peaks were around 2𝜃 = 28.5∘ and
correspond to Si (111) which indicates that the crystallization
of a-Si:H is obtained in the AIC specimens even for the low
annealing temperature of 350∘C with annealing time of 15,
30, 45, and 60min, respectively. In addition, the peak of Si
(220) is enhanced for the long annealing time, indicating
that the well crystallization can be obtained in the longer
annealing time. The crystalline size is calculated by the
Scherrer equation [16]:

𝐷 =
𝐾𝜆

Δ (2𝜃) cos 𝜃
. (1)

𝐷 is crystalline size,𝐾 is constant, 𝜆 is X-ray wavelength,
Δ(2𝜃) is full width at half maximum (FWHM), and 𝜃 is
diffraction angle.The crystalline sizes were 13.1, 17.8, 19.8, and
20.8 nm, as shown in Table 1, for the poly-Si thin films with
the annealing time of 15, 30, 45, and 60min, respectively.

Figure 3 illustrates the Raman spectra of the poly-Si thin
films using AIC with the capping layer annealed at a low
temperature of 350∘C with the annealing time of (a) 15, (b)
30, (c) 45, and (d) 60min. It is known that the Raman spectra
of the amorphous silicon, polycrystalline silicon, and single
crystal silicon are located around 480 cm−1, 500∼515 cm−1,
and 520 cm−1, respectively [8]. The Raman spectra of the
prepared poly-Si thin films with different annealing time all
appeared around 510 cm−1 to the 520 cm−1, indicating that the
amorphous thin films on the ITO coated glass substrate have
been induced successfully at a low temperature of 350∘C even
at a short annealing time of 15min.
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Figure 1: (a) The experimental procedure of this study for poly-Si thin films using AIC with the capping layer and (b) transformation
procedure for aluminum induced crystallization of a-Si:H films on the ITO coated glass substrate.

To further calculate the crystallinity fraction of the
induced samples for different annealing time, the curve fitting
of the Raman spectra shall be used as shown in Figure 4. The
Raman spectra can be divided into three spectra regions for
amorphous silicon, polycrystalline silicon, and single crystal
silicon. The crystallinity fraction 𝑋

𝑐
of the induced samples

for the different annealing time is calculated by (2), and the
meaning of 𝐼

𝑎
, 𝐼
𝑚
, and 𝐼

𝑐
is the intensity of Raman shift

on 480 cm−1, 500∼515 cm−1, and 521 cm−1, respectively [5–7].
Consider

𝑋
𝑐
=
𝐼
𝑚
+ 𝐼
𝑐

𝐼
𝑎
+ 𝐼
𝑚
+ 𝐼
𝑐

. (2)

Table 1 shows the crystallinity ratios of the induced poly-
Si thin films using AIC with the capping layer for different

annealing time. It is found that the crystallinity ratios for
all films are around 73% and independent of the annealing
times. The process parameters of the annealing temperature
of 350∘C and the annealing time of 15min are suitable to
induce the amorphous silicon film to be poly-Si film in this
study. For the solar cell application, the crystallinity ratio of
73% is desired. If one desires more crystallization of silicon
thin film, it is suggested that the Al thickness shall be thick or
the silicon nitride layer should not be introduced. However,
it will cause more residual Al concentration to decrease the
grain size and Hall mobility as discussed later [7].

3.2. Surface Morphology. Figure 5 illustrates optical micro-
scope (OM) images of the poly-Si thin films using AIC with
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Figure 2: The XRD of the poly-Si thin films using AIC with the
capping layer for the annealing time of (a) 15, (b) 30, (c) 45, and (d)
60min.
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Figure 3: The Raman spectra of the poly-Si thin films using AIC
with the capping layer for the annealing time of (a) 15, (b) 30, (c) 45,
and (d) 60min.
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Figure 4: Curve fitting of the Raman spectra for the poly-Si
thin films using AIC with the capping layer, wherein the Raman
spectra can be divided into three spectra for a-silicon (480 cm−1),
polysilicon (500 cm−1) and single-silicon (521 cm−1).

the capping layer for different annealing time. It is clearly
observed that the grain sizes are growing when the annealing
time increases. In order to show the difference of grain size
between the AIC with and without the capping layer, the
poly-Si thin films on the ITO coated glass substrate using
AIC but without the capping layer for the annealing time of
120min was also prepared and its OM image was shown in
Figure 5(b). The bright spots in each grain of Figure 5(a) are
believed to be the nucleation sites [17]. It was reported that the
difference in intensity/color between the nucleation center
and other portions of a grain is attributable to the difference
of refractive index in the two regions of the grain [13]. The
average grain sizes 𝐺 of the sample were estimated directly
from the OM using the linear intercept method described by
the formula [17]:

Average grain size, 𝐺 = 1.56𝐿, (3)

where 𝐿 is the average grain boundary intercept length of a
series of random lines on the OM image. Figure 5(c) shows
the variation of average grain size of the poly-Si thin film
using AIC specimens.The average grain sizes are around 18.5,
21, 18, and 17.5 𝜇m for the annealing time of 15, 30, 45, and
60min, respectively. It is also observed that the poly-Si thin
film using AIC, but without, the capping layer has the grain
size of 6 𝜇mevenwith the annealing time of 120min. Namely,
the grain size of the poly-Si thin films with the capping layer
is three times larger than that without the capping layer. The
reason is explained as follows. The Al induced crystallization
starts with formation of Si nuclei within the Al layer at
the Al/a-Si interface [12]. Then, the Si grains keep growing
laterally only until they touch adjacent grains and from a
continuous poly-Si film [9]. The capping layer is used in this
study to decrease the diffusion rate of Al atoms from Al
layer to react with a-Si 9 at the Al/a-Si interface. Therefore,
the nucleation sites at the Al/a-Si interface with the capping
layer are lower than those without the capping layer, thus
enhancing the Si grain to grow laterally.

The result shows that the grain size of the poly-Si thin
film induced by AIC is significantly affected by the distance
between adjacent nucleation sites. Namely, reducing the
density of nucleation sites is a key factor for growing large
grains. Thus, using the capping layer of SiN

𝑥
between the Al

and a-Si thin film actually reduces the density of nucleation
sites so as to grow the large grains.

Figure 6 shows SEM images of the poly-Si thin films using
AICwith the capping layer for the annealing time of (a) 15, (b)
30, (c) 45, and (d) 60min.No crackswere observed by SEM to
ensure that grain boundaries observed by optical microscopy
are not cracks in the silicon films.Moreover, the subgrains are
clearly observed in the SEM images and the subgrains sizes
are around 100 nm to 150 nm for the annealing time from 15 to
60min. The subgrains sizes estimated from the SEM images
are larger than the crystal sizes calculated from the XRD
results. It is known that the difference between the average
crystalline size and subgrain size determined from XRD and
SEM data resulted from the fact that the SEM measurement
is more sensitive to the surface structure and the XRD data is
sensitive to the structure of the film itself [14].
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Figure 5: OM images of the poly-Si thin films (a) using AIC with the capping layer for the annealing time of 15, 30, 45, and 60min and (b)
using AIC without the capping layer for the annealing time of 120min; and (c) the variation of average grain sizes of the poly-Si thin films
using AIC with the capping layer.
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Figure 6: SEM images of the poly-Si thin films using AIC with the capping layer for annealing time of (a) 15, (b) 30, (c) 45, and (d) 60min.
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Figure 7: Mobility, dark conductivity, and sheet resistance of the
poly-Si thin films using AIC with the capping layer for different
annealing time.

3.3. Electrical Properties. Figure 7 shows mobility (𝜇), dark
conductivity (𝜎

𝑑
), and sheet resistance (𝑅

𝑠
) of the poly-Si

thin films using AIC with the capping layer for the different
annealing time. First, the mobility (𝜇) and sheet resistance
(𝑅
𝑠
) of the ITO are 35 cm2/V-s and 15Ω/squ, respectively.

Although the poly-Si thin films using AIC with the capping
layer are coated on ITO glass, under this structure, the
measured mobility is around 82, 105, 112, and 92 cm2/V-s, the
dark conductivity is within 0.29∼0.31Ω-cm−1, and the sheet
resistance is all around 20Ω/squ for the annealing time is

15, 30, 45, and 60min, respectively. Table 2 summarizes the
electrical properties of the prepared poly-Si thin films using
AIC with the capping layer and compared them with those
in the previous works using conventional AIC without the
capping layer. It is clearly found the electrical properties of
poly-Si thin films are much improved by using the proposed
method, that is, the AIC with the capping layer. The mobility
ismuch improved due to the increased grain size as compared
with the previous work, since a large grain size has a few
grain boundaries and thus reduces the scattering effect from
the defect of the grain boundary. Since the resistivity (𝜌)
is reversal to the conductivity (𝜎) and the resistivity of the
prepared poly-Si thin films is calculatedwithin 3.2∼3.4Ω-cm,
the values of resistivity indicate that it is also suitable to be
used as the semiconductor material.

Moreover, the carrier concentration (𝑛) can be calculated
in an order of 1016/cm3 according to the following equation
[7]:

𝜎 = 𝑞𝜇𝑛, (4)

where 𝑞 is 1.6 × 10−19 Coul. Thus, the carrier concentration
of the induced poly-Si using the proposed AIC with the
capping layer is much lower than those of the previous works
since the residual Al metal is not easy to be removed in the
traditional AIC without the capping layer. According to the
Nast et al. study [9], they emphasized that the number of
metal concentrations affects the value of mobility in the MIC
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Table 2: The electrical properties of the poly-Si thin films using AIC with the capping layer.

Al (nm) a-Si (nm) Substrate Annealing
temperature (∘C)

Annealing time
(min)

Mobility
(𝜇, cm2/V-s)

Sheet resistance
(Rs,Ω/◻)

Grain size
(um)

Kim et al. [6] 200 96 Glass 550 10∼40 N/A 4500∼5000 N/A
Nast et al. [7] 500 500 Glass 350∼500 30 60∼70 N/A N/A
Nast et al. [9] 450∼500 500 Glass 500 5∼60 56.3 820 N/A
Widenborg et al. [19] 250∼450 Glass 400 30 N/A 800∼4000 N/A
Our results 30 100 ITO Glass 350 15∼60 80∼112 19∼21 17∼21

process. In the Sohn et al. study [15], they indicated the low
metal concentration of polysilicon in the MIC process with
capping layer than without capping layer. However, the film
still has the metal content.

When considering the sheet resistance (𝑅
𝑠
) of the poly-Si

thin films, the typical formula (5) is as follow [6, 7, 19]:

𝑅
𝑠
=
𝜌

𝑑
, (5)

where 𝑑 is the film thickness. If we use this formula to
calculate the sheet resistance (𝑅

𝑠
) of the prepared poly-Si thin

films, the sheet resistance (𝑅
𝑠
) is around 4000∼5000Ω/sq,

which is much higher than our measured results, but is very
similar to those of the previous works, as shown in Table 2.
The reason is explained as follows. The previous works were
done on the glass and obtain their sheet resistance (𝑅

𝑠
) with

the value within 4000∼5000Ω/sq, which is similar to our
calculated sheet resistance (𝑅

𝑠
). However, the prepared poly-

Si thin films are formed on the ITO coated glass, and it is
believed that the low resistance of the ITO can reduce the
sheet resistance (𝑅

𝑠
) of the prepared poly-Si thin films as the

results we measured.

3.4. Optical Properties. Figure 8 shows the optical energy
gaps of the poly-Si thin films usingAICwith the capping layer
annealed at a low temperature of 350∘C with the annealing
time of (a) 15, (b) 30, (c) 45, and (d) 60min using Taucs
plot. The optical energy gap (Eg) of the films can be further
calculated from the transmission spectra using (6), which
assumes a direct transition between the edges of the valence
and the conduction band. The relationship between the
absorption coefficient 𝛼 and the photon energy ℎ] can be
given as in [22]:

(𝛼ℎ])2 = 𝐴 (ℎ] − Eg) , (6)

where 𝛼 was estimated from the transmittance data, 𝐴 is a
constant depending on the materials properties, and (𝛼ℎ])2
is a function of ℎ]. By extrapolating 𝛼 = 0 from the linear
region of “Tauc” plots, the calculated values of the optical
energy gaps for the prepared poly-Si thin films in this study
were closed to 1.1 eV.

Figure 9 illustrates the reflection spectra of the poly-
Si thin films using AIC with the capping layer for dif-
ferent annealing time. It was reported that for intrinsic
monocrystalline silicon, two prominent maxima peaks at the
wavelength of 274 nmand 365 nm in the reflectance spectrum

10

8

6

4

2

0
0 1 2 3 4

Energy (eV)

15min

30min

45min

60min

Annealing time:

(𝛼
h

)

2
×
10

10
(e

V/
cm

)2

Figure 8: Taucs plots for the poly-Si thin films using AIC with the
capping layer for annealing time of (a) 15, (b) 30, (c) 45, and (d)
60min.
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could be clearly obtained.Moreover, a reduction of ultraviolet
reflection usually indicates the appearance of a surface oxide,
surface roughness, and/or structurally damagedmaterial [19].
It is found in Figure 5 that the large grain sizes between
17 to 21 𝜇m are obtained so as to reduce the structurally
damaged boundaries. However, if structural disorder exists
in the surface layer, it will cause a broadening and large
reduction predominantly at thesemaximumpeaks. As shown
in Figure 2, the well crystallization can be obtained in the
long annealing time. Therefore, as shown in Figure 9, it is
observed that the measured reflection ratio is within 35∼60%
and two prominent peaks at the wavelength of 280 nm
and 370 nm exist which is similar with that of an intrinsic
polished monocrystalline silicon. Namely, the crystal quality
of the prepared poly-Si using AIC with the capping layer is
acceptable, comparable to a polished Si wafer.

4. Conclusions

In this paper, the microstructure, electrical, and optical
properties of poly-Si prepared by aluminum induced crys-
tallization with the capping layer of SiN

𝑥
were investigated.

The structure comprising Al (30 nm)/SiN
𝑥
(20 nm)/a-Si layer

(100 nm)/ITO coated glass was annealed at 350∘C for the dif-
ferent annealing time of 15, 30, 45, and 60min. We have ver-
ified that the capping layer of the SiN

𝑥
can effectively reduce

the diffusion rate of Al atoms fromAl layer through the Al/a-
Si interface and thus improve the grain size and electrical
properties such as resistivity, residual carrier concentration of
the induced poly-Si film.The results of the crystal plane of the
Si (110) from the XRD results and the Raman shift around the
510 cm−1 from the Raman spectra confirm that the a-Si thin
film has been induced and transferred to be the polysilicon.
The high-quality and large grain size poly-Si thin film can be
obtained at such low temperature of 350∘C. The OM image
shows the large grain sizes of the prepared films are around 17
to 21 𝜇m.Thevalues ofmobility are 82, 105, 112, and 92 cm2/V-
s, the values of the dark conductivity are within 0.29∼0.31Ω-
cm−1, and the values of the sheet resistance are all around
20Ω/sq for the different annealing time of 15, 30, 45, and
60min. The carrier concentration (𝑛) can be calculated in
an order of 1016/cm3. The measured reflection ratio is within
35∼60% and two prominent peaks at 280 nm and 370 nm
wavelength exist which is similar with that of an intrinsic
polished monocrystalline silicon.
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We report the obtention of 𝛽-NaLuF
4
microcrystals doped with Er3+ ions by the surfactant-assisted hydrothermal method. It was

found that shapemodulation could be realized by changing the surfactants (ethylenediaminetetraacetic acid, polyvinylpyrrolidone,
and trisodium citrate) introduced into the reaction system. The surfactants can strongly control the size and shape of as-prepared
samples through absorbing on the surface of primary particles and/or coordinating with rare earth ions. Hexagonal prism-like 𝛽-
NaLuF

4
:Er3+microcrystals demonstrate intense upconverted luminescence (UCL) pumped by 1.54 𝜇m infrared laser in comparison

with hexagonal tube-like, disk-like, and sphere-like microcrystals, which exhibit great distinction. More interestingly, a synergistic
effect combined dual mode (i.e., downconversion and upconversion) with 8% absolute enhancement rate of the red emission
centered at 659 nm (4F

9/2
→ 4I
15/2

) is witnessed in hexagonal prisms 𝛽-NaLuF
4
:Er3+ phosphors by employing the dual wavelength

416 nm and 1.54 𝜇m excitation source for the first time.

1. Introduction

Rare earth fluorides including REF
3
and AREF

4
(A = alkali;

RE = rare earth) have been regarded as excellent down-
conversion (DC) and upconversion (UC) luminescent hosts
for various optically active Ln3+ ions [1–6]. They normally
possess low phonon energy, low probability of nonradiative
decay, and high chemical stabilities, and the luminescent
quantum yields higher than that in oxide hosts and most
inorganic matrices. Thus, rare earth fluorides have attracted
much attention of scientific community due to their potential
applications in the fields of solid-state lasers, multicolor three
dimensional displays, optical storage, and biological fields
including fluorescent labels, therapy, and drug delivery [7–
10]. One example for this class of fluoride compounds is
NaLuF

4
, which is an ideal UC host material [11–16]. Shi et al.

[11] synthesized hexagonal nanoplates 𝛽-NaLuF
4
:Yb3+/Tm3+

crystals by hydrothermal method using oleic acid as the
surfactant and demonstrated that 𝛽-NaLuF

4
nanocrystals

might be a better kind of upconversion material than their
𝛽-NaYF

4
counterpart. Li et al. [15] prepared multiform mor-

phologies 𝛽-NaLuF
4
by changing the solution pH values, F−

sources, and organic additives and studied themorphological
evolvement and the growth mechanism for the synthesized
lutetium fluorides under different conditions in detail.

In this work, we present our recent efforts on the fabrica-
tion of NaLuF

4
crystals with controllable sizes and enhanced

PL properties. Emission intensity and energy efficiency are
used as measures of the phosphors performance. They are
important performance characteristics that determine which
applications are appropriate. In most cases, the thermal-
ization losses and subbandgap light transmission are the
major bottleneck effect on energy efficiency [17–20]. Erbium
(Er) possesses several long-lived intermediate levels and
metastable high-energy levels, and the energy gap between
the ground level 4I

15/2
and the first excited level 4I

13/2
is

matched well with the absorption of 1.54 𝜇m photon, so
it can be considered as a promising candidate among REs
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Table 1: Summary of morphologies and their corresponding detailed experimental conditions of samplesa.

Sample Agents Agents/Recl3
molar ratio Phase Morphology Mean size (𝜇m) Graph

S1 EDTA 1 : 1 Hexagonal Hexagonal prisms L: 9 Figure 2(a)
S2 EDTA 2 : 1 Hexagonal Hexagonal prisms L: 3.5 Figure 2(b)
S3 EDTA 3 : 1 Hexagonal Hexagonal prisms L: 1 Figure 2(c)
S4 PVP 1 : 1 Hexagonal Tubes with cracks H: 10 Figure 2(d)
S5 PVP 2 : 1 Hexagonal Tubes with cracks H: 5 Figure 2(e)
S6 PVP 3 : 1 Hexagonal Irregular hexagonal tubes H: 1.5 Figure 2(f)

S7 Ct3− 1 : 1 Orthorhombic
(LuF3)

Spheres D: 3.5 Figure 2(g)

S8 Ct3− 2 : 1 Hexagonal Spheres with coarse surface D: 2 Figure 2(h)
S9 Ct3− 3 : 1 Hexagonal Perfect disks D: 1.5 Figure 2(i)
D: diameter; H: height; L: side length.
aAll samples were hydrothermally treated at 190∘C for 24 h.

for UC of photons [21–25]. The current researches mainly
focus on the single mode UC or DC. No matter which
mode both can enhance and improve the spectral response
characteristics of materials. If we combine the two kinds
of conversion mechanisms, UC and DC can be achieved in
specific materials at the same time. This will make the high-
energy and low-energy photons convert to middle-energy
photons ultimately, and the middle-energy photon is needed
for photovoltaic materials. Therefore, our group proposed
a new mechanism named photon-excited synergistic effect
[20].

In this paper, we report on the effect of different sur-
factants, such as ethylenediaminetetraacetic acid (EDTA),
polyvinylpyrrolidone (PVP-K30), and trisodium citrate
(hereinafter shortened form Cit3−), on the growth process
and PL properties at room temperature of 𝛽-NaLuF

4
mi-

crocrystals synthesized by the hydrothermal method. The
as-prepared hexagonal prisms 𝛽-NaLuF

4
crystals have high-

ly efficient UC luminescence and synergistic effect by em-
ploying the 416 nm and 1.54 𝜇m coexcitation source.

2. Experimental Details

2.1. Synthesis of 𝛽-NaLuF
4
Microcrystals Doped with Er3+

Ions. Rare earth oxides Lu
2
O
3
(99.99%) and Er

2
O
3
(99.99%)

were purchased from Beijing Lansu Co., China. Rare earth
chlorides (LnCl

3
, Ln:Lu/Er) were prepared by dissolving the

corresponding metal oxide in 10% HCl solution at elevated
temperature and then evaporating the water completely. NaF
(98% purity), NaOH (96% purity), EDTA (99% purity),
PVP (95% purity), and Cit3− (99% purity) were purchased
from SinopharmChemical Reagent Co., China. All chemicals
were of analytical grade and were used without further
purification. Deionized water (H

2
O) was used throughout.

In the typical experiment of NaLuF
4
:Er3+micromaterials,

a predetermined amount of EDTAwas first dissolved in 18mL
distilled water under magnetic stirring to form a solution
of desired molar concentration and then stoichiometric
amounts of LuCl

3
and ErCl

3
were added to the solution.

Under vigorous stirring for 30min, 10mL aqueous solution
containing NaF was added dropwise into the above mix-
ture. Then, the pH value of the suspension was adjusted
to 7 through the addition of 2M NaOH solution. The
precursor solution was stirred magnetically for 10min and
then transferred to a Teflon lined stainless steel autoclave
for hydrothermal treatment maintained at 190∘C for 24 h.
After the hydrothermal treatment, the autoclave was cooled
naturally to room temperature. A light pink colored precip-
itate settled at the bottom, which was collected and washed
repeatedly with distilled water and ethanol to remove the
impurities and excessive surfactant. The sample was finally
dried at 50∘C for 12 h for further characterization.When PVP
and Cit3− were selected as chelators, the synthesis procedure
was basically identical to the above description. Table 1 shows
the parameters of hydrothermal synthesis and characteristics
of the powders. And the samples prepared under the specific
reaction conditions were denoted as S1–S9, respectively.

2.2. Characterizations. X-ray powder diffraction (XRD)
measurements were performed on an Ultima-III (Rigaku)
diffractometer at a scanning rate of 10∘min−1 in the 2𝜃 range
from 10∘ to 70∘, with graphite monochromatic Cu K𝛼
radiation (𝜆 = 0.15405 nm).Themorphologieswere obtained
using scanning electron microscopy (SEM, S-3400N II,
Hitachi, Japan). Transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy
(HRTEM) were recorded on a JEOL JEM-200CX with a
field emission gun operating at 200 kV. For the UC emission
measurement, all the samples were pressed into pellets
with 1 cm diameter and 5mm thickness. The excitation
spectra and emission spectra of samples are measured by an
Omni-𝜆3007 spectrophotometer with a CW Xe lamp and
infrared lasers with the wavelength at 1.54𝜇m employed
as the excitation source. The dependence of upconverted
emission intensity on pumping powers for different samples
was obtained by changing the excitation powers. All the
measurements above were performed at room temperature.
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Figure 1: XRD patterns of the as-synthesized products obtained in the presence of different surfactants (EDTA: S1 to S3, PVP: S4 to S6,
and Ct3−: S7 to S9). The standard pattern of hexagonal NaLuF

4
(JCPDS card 27-0726) and orthorhombic LuF

3
(JCPDS card 17-0796) is also

presented for comparison.

3. Results and Discussions

3.1. XRDPatterns Analyses. Figure 1 exhibits XRDpatterns of
all the prepared products corresponding to Table 1. The reg-
ularity indicated from the results is described as follows. For
the samples prepared in the presence of EDTA (Figure 1(a))
and PVP (Figure 1(b)) with different agents/Ln3+molar ratio,
the strong and sharp diffraction peaks suggest that the pure
hexagonal structure of NaLuF

4
(JCPDS 27-0726) is success-

fully achieved through the proposed direct hydrothermal
process and the crystal planes for each peak are marked.
Besides, the enhanced intensity of peak at (100) and (110) can
be observed in comparison with the standard value, in which
the diffraction peaks (100) and (101) are particularly strong.
This result implies that the samples tend to be preferentially
oriented. As shown in Figure 1(c), unexpectedly, the as-
synthesized samples prepared in the presence of Cit3− consist
of two different phases, that is, the orthorhombic structure
(space group Pnma) of LuF

3
(S7) and the hexagonal structure

of NaLuF
4
(S8 and S9), which are in good agreement with

the standard literature data. This result demonstrates that
Cit3− plays an important role in the phase for the formation
of 𝛽-NaLuF

4
, and it may provide a Na+ source. When the

concentration of Cit3− is relatively low, there is no sufficient
Na+ source to form NaLuF

4
, but LuF

3
. The calculated cell

lattice constants of the samples are summarized in Table 2,

Table 2: Unit cell lattice constants and crystallite sizes for hexagonal
phase of NaLuF4 and orthorhombic phase of LuF3 prepared using
different surfactants, respectively.

Samples a (Å) c (Å) Cell volume (Å3)
JCPDS 27-0726 5.9010 3.4530 104.13
S1 5.9291 3.4597 105.33
S2 5.9278 3.4583 105.24
S3 5.9354 3.4595 105.54
S4 5.9341 3.4509 105.23
S5 5.9341 3.4545 105.06
S6 5.9341 3.4509 105.23
S8 5.9661 3.4191 105.39
S9 5.9284 3.4597 105.30
JCPDS 17-0796 6.1810 4.4460 184.97
S7 6.1019 4.5715 188.75

and the standard data for hexagonal structure of 𝛽-NaLuF
4

and orthorhombic structure of LuF
3
are also given for

comparison. Obviously, the calculated cell lattice constants of
the samples are consistent with the standard data.

The SEM images ofmicrocrystals prepared using different
surfactants are given in Figure 2. It can be seen that all sam-
ples exhibit relatively uniform, well-dispersed morphology
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Figure 2: SEM images of as-prepared microcrystals using different surfactants with different agents/Ln3+ molar ratio: (a) S1, (b) S2, (c) S3,
(d) S4, (e) S5, (f) S6, (g) S7, (h) S8, and (i) S9. Insets are corresponding high magnification SEM images of the microstructures.

withinmicrometer size range, yet the specific shapes and sizes
of the samples are much different. This distinction is derived
from the surfactant, since it is the only difference during the
synthesis process. For the samples preparedwith EDTA (sam-
ple S1–S3), uniformhexagonal prisms are obtainedwith 9𝜇m,
3.5 𝜇m, and 1 𝜇m in length, respectively, except that both
ends of S2 are sharp. Samples prepared with PVP (S4–S6)
consist of similar tube-shaped aggregates. The diameters of
the three tubes are much closer (∼0.5 𝜇m), while the lengths
differ greatly. As for the samples prepared with Ct3− (S7–S9),
they are different. Sphere-like 𝛽-NaLuF

4
: Er3+ microcrystals

are obtained in S7-S8, while S9 consists of fairly uniform and
smoothmicrodisks.The peripheral surface of S8 is rough due
to the composition of many small nanoparticles.This finding
indicated that any changemay result in different morphology
and uniformity even when keeping other parameters the
same.The morphological difference is caused by the physical
and chemical properties of different ligands, and the effects
of different surfactants will be discussed thoroughly in the
following section.

TEM images, HRTEM images, and SAED patterns of the
NaLuF

4
:Er3+ microcrystals (S3, S6, S8, and S9) are demon-

strated in Figure 3, which provide an insight of different
structures. TEM image of sample S3 (Figure 3(a)) confirm
it as a prism-like structure, which is in good agreement
with SEM image. The ED patterns insets in Figure 3(a)
show clear and regular diffraction spots, reveal the single
crystalline nature of the microprism, and can be indexed
as the pure hexagonal structure. The HRTEM image of a
single particle confirms the distance of 0.50 nm between
the adjacent lattice planes, ascribed to that of (110) crystal
planes. Unlike sample S3, the tube-like structure of sample
S6 is irregular (Figure 3(b)), and ED pattern exhibits the
single crystalline nature of the microtube. HRTEM image
recorded from the tip of an individual tube verified the lattice
fringe separation of 0.52 nm. This plane coincides well with
the distances between (100) crystal planes. Figures 3(c) and
3(d) exhibit the TEM images of samples prepared with Ct3−
(samples S8 and S9). We can see that both TEM images show
the obvious spherical shape with a uniform size distribution.
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Figure 3: The TEM images, HRTEM images, and ED patterns of as-prepared 𝛽-NaLuF
4
microcrystals using different surfactants: (a) S3, (b)

S6, (c) S8, and (d) S9.

It should be noted that the EDpatterns are the polycrystalline.
The lattice fringes of the sphere-like sample cannot be seen
clearly due to the desultory accumulation of particles. The
interplanar distance of the disk-like sample is 0.37 nm and
0.32 nm, which corresponds to the d-spacing value of the
(101) and (201) planes, respectively.

3.2. Growth Mechanism of 𝛽-NaLuF
4
Microcrystals. Based

on the above analysis, a possible growth mechanism for the
microcrystals was proposed to explain the effect of different
surfactants on the shape and size in detail (Figure 4). Firstly
Figure 4(a) shows the coordination structures of EDTA,
PVP, and Ct3−. EDTA molecule possesses four carboxyl
groups (–COOH) and two lone pairs of electrons on two
nitrogen atoms which can act as binding sites and help to
form hydrogen bonds [26]. PVP-K30 is a type of nonionic
surfactant with long carbon chains and strong selective
adsorption, and lanthanide ions were coordinated with the
pyrrolidone groups of PVP [27]. A Ct3− molecule has four
binding sites, including one hydroxyl group and three COO−,
among which three sites can be bound with lanthanide ions.
After formation of the nuclei (Figure 4(b)), the hydrothermal
conditions performed at 190∘C for 24 h inside the stainless
autoclave intensify the effective collision frequency involv-
ing the anisotropic nanoparticles in suspension, producing
a mutual aggregation between them. The self-assembly pro-
cess can occur in a spontaneous way under hydrothermal

conditions, where several nanocrystals are aggregated in a
same or different crystallographic plane which can drive the
growth of oriented aggregate [28]. The Ln3+-EDTA complex
can significantly decrease the concentration of free RE3+
ions and reduce the crystal growth rate, leading to the
effective separation of nucleation and growth steps and thus
facilitating the synthesis process of crystals. PVP-K30 can
be adsorbed onto the surface of nuclei particles to further
control its morphology. Furthermore, PVP-K30 can facilitate
the nucleation and growth of rare earth compounds on each
surface to form tube-like crystals. The Ct3− molecule can
also control both the crystal nucleation and the growth in
the reaction system and it can cap on the side of precursor
particles and lead to the selective growth rate of various
crystallographic facets.

3.3. UC Luminescence Properties. The upconversion (UC)
luminescence spectra for the samples (S3, S6, S8, and S9)
were recorded upon 1.54 𝜇m pumping with power density of
16mW/mm2. Obviously, the four samples exhibit quite differ-
ent emission intensities and peak positions. Figure 5 shows
the upconversion emission spectra of 𝛽-NaLuF

4
:𝑥mol%Er3+

(𝑥 = 6, 12, 24, 36) microcrystals. As can be observed, in hex-
agonal prisms (S3; Figure 5(a)) and hexagonal tubes (S6;
Figure 5(b)), there were three well-known intense emission
bands centered at 541 nm, 659 nm, and 805 nm, which are
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Figure 4: (a) Newman representations for coordination compound structure of EDTA, PVP, and Ct3−. (b) Schematic illustration of the main
stages involved in the growth mechanism of 𝛽-NaLuF

4
microcrystals.

associated with the transition from 4S
3/2

, 4F
9/2,

and 4I
9/2

levels to ground state of Er3+, respectively. The intensities
of emission bands were so strong that they can be clearly
seen by the naked eyes even though they were under a
low excitation power. The emission intensities are highly
dependent on the Er3+ concentration. Initially, increasing
Er3+ ion doping concentration, the intensity from all regions
of the spectra increases rapidly and reaches a maximum.
Then, a decrease appears at higher Er3+ concentrations
due to the concentration quenching effect. As for the red
emission, it is determined by the population of the 4F

9/2

level. The 4F
9/2

level is mainly populated by energy transfer
between Er3+ ions when the doping concentration is in-
creased, 4I

11/2
(Er3+)+4I

9/2
(Er3+)→ 4I

13/2
(Er3+)+4F

9/2
(Er3+)

[26]. According to our experimental data, the optimum Er3+
concentration is 12mol%Er3+ ions in S3 and 24mol%Er3+
ions in S6. It is interesting to point out that the typical 541 nm
green and 659 nm red emissions of Er3+ disappear in the
spheres (S8; Figure 5(c)) and disks (S9; Figure 5(d)) and the
intensities of emission bands of the two samples are poor.
Comparing various morphologies, the emission intensity
of hexagonal prism-like 𝛽-NaLuF

4
: Er3+ microcrystals was

found to be ∼105 more efficient and brighter than others. The
ranking of the emission intensities is UC-S3 > UC-S6 ≫
UC-S9 > UC-S8.

As for the different UC intensities of the four samples,
there may be several factors playing a role. Since the shape
and sizes of the microcrystals are different, it will bring a few
uncertain factors that influence the UC behaviors through
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Figure 5: UCL spectra pumped by 1.54𝜇m laser diode with power density of 16mW/mm2 for 𝛽-NaLuF
4
:𝑥mol%Er3+ (𝑥 = 6, 12, 24, 36)

synthesized using EDTA as the chelator for EDTA/Ln3+ ratio of 3 : 1 (a), using PVP as the chelator for PVP/Ln3+ ratio of 3 : 1 (b), and using
Ct3− as the chelator for Ct3−/Ln3+ ratio of 2 : 1 (c) and 3 : 1 (d). Insets are corresponding high magnification SEM images of the samples. All of
the samples were hydrothermally treated with the same condition except for the molar ratio of chelators/Lncl

3
.

affecting the scattering and absorption of incident light,
which decrease the defect concentrations [26, 29]. Moreover,
the distinct difference of the emission intensities could be
owing to the chelating and capping ability of surfactants.
When an EDTA molecule chelates with one Ln3+ ion, all of
its six binding sites participate in the reaction to develop a
hexagonal structure. Furthermore, the chelate constant for
EDTA (lgb = 18 ∼ 19) is much larger than Ct3− (lgb = 8 ∼ 9)
[7].The structure stability coefficient of EDTAwith Ln3+ ions
is larger than Ct3−, owing to its six binding sites (four binding
sites in Ct3−). The larger the stability coefficient is, the more
closely the chelates combine with rare earth. Based on the
above analysis, we can conclude that the difference in chelate
structure results in the difference in morphology due to its

influence on growth orientation, which can also be related
to the difference in the emission intensity. Depending on the
UC emission intensity, it is possible to vary particles size and
shape and then to choose S3 for further characterization.

Figure 6 shows the UC emission spectra of hexagonal
prisms (S3) NaLuF

4
:12mol% Er3+ under 1.54 𝜇m laser diode

at various pump powers.The 659 nm red emission is predom-
inant, which is attributed to the 4F

9/2
→ 4I

15/2
transitions

of Er3+. Besides, from the spectra, it is obvious that the
emission intensities become stronger with increasing pump
powers. It is well known that the relationship between the UC
emission intensity 𝐼 and the pump power 𝑃 for unsaturated
UC processes could be expressed as follows [30]:

𝐼em ∝ 𝑃
𝑛, (1)
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Figure 6: Power dependence of UC emission intensity of 4F
9/2
→

4I
15/2

emission of 𝛽-NaLuF
4
:12mol%Er3+ submicron crystals using

EDTA as surfactant under 1.54𝜇m laser diode pump. Inset shows
dependence of UC emission intensity on excitation powder.

where 𝐼em is the fluorescent intensity, 𝑃 is the pump power,
and 𝑛 is the absorbed photon numbers per visible photon
emitted. For the strongest emission peak at 659 nm, a plot of
log (𝐼em) versus log (𝑃) yields a straight line with a slope n for
the various power pumps as shown in the inset of Figure 6,
and the 𝑛 value obtained is equal to about 2.60. Hence, it
is a three-photon process, which agrees with the three-step
sequential transitions from the 4I

15/2
ground state to the 4I

13/2

intermediate state and then to the 4F
9/2

state of Er3+ in the
excitation process.

3.4. Synergistic Effect of 𝛽-NaLuF
4
:Er3+ Microcrystals. The

excitation spectrum (Figure 7(a)) of 𝛽-NaLuF
4
:12mol%Er3+

(S3)with hexagonal prisms shape shows that if the 659 nm red
emission is monitored, an excitation peak centered at 416 nm
is observed corresponding to the 4I

15/2
→ 2H

9/2
transition of

Er3+ ion. Figure 7(b) presents the room temperature photo-
luminescence spectra under 416 nm single excitation, 1.54𝜇m
single excitation, and 416 nmand 1.54𝜇mdual excitation.The
emission band of Er3+ ions centered at 659 nm is observed
under 416 nm and 1.54 𝜇m single excitation, respectively.
It is inconceivable that an observable enhancement of the
red emission band appears under the dual excitation, which
is stronger than the sum of red emission intensity under
single excitation. To quantitatively describe the synergistic
efficiency, the absolute enhancement rate (𝜂) of red emission
intensity can be defined as follows [20]:

𝜂 =
𝐼
3
− (𝐼
1
+ 𝐼
2
)

𝐼
1
+ 𝐼
2

, (2)

where 𝐼
1
, 𝐼
2
, and 𝐼

3
are the integrated intensity of red emission

bands under 416 nm excitation, under 1.54𝜇m excitation,
and under 416 nm and 1.54 𝜇m dual excitation, respectively,
the excitation power of the 416 nm irradiation was fixed at
0.8mW, and the excitation power (𝑃) of 1.54 𝜇m laser was
adjusted from 2.2mW to 42.0mW. The results of absolute
enhancement rate (𝜂) of red emission (659 nm) for the as-
prepared 𝛽-NaLuF

4
:12mol%Er3+ microcrystals with differ-

ent shapes morphologies are shown in Figure 7(c). There
is no synergistic effect on spheres and disks, because the
intensities of emission bands are poor there is not exist the
659 nm emission The maximum absolute enhancement rate
can be up to 8% in hexagonal prisms with the excitation
powers 𝑃

416 nm = 0.8mW and 𝑃
1.54 𝜇m = 21.6mW. It is

clear that when 𝐼
3
> (𝐼
1
+ 𝐼
2
) it means that certain thermal

energy dissipation should be eliminated and transferred to
the excitation energy in the dual excitation process. As can
be seen, the ranking of absolute enhancement rate values is
𝜂-S3 > 𝜂-S6. The red emission of 4F

9/2
→ 4I

15/2
shows

an unusual enhancement rate using different surfactants. We
believe that the surfactants can influence the nonradiative
process of these samples and cause these changes. Moreover,
the different reflectance losses at the particle-air interfacemay
influence the UC emissions of surface-modified NaYF

4
:Yb,

Er, which has been demonstrated in a recent report by Tan
and coworkers [31].

3.5. Synergistic Mechanism Analyses. Considering the slope
𝑛 and energy diagrams of Er3+, the proposed pathways for
the synergistic mechanism combined downconversion and
upconversion under dual excitation are demonstrated in
Figure 8. Under 416 nm excitation, which corresponds to the
4I
15/2
→ 2H

9/2
transition of Er3+ ion, the 659 nm red

emission band also represents the 4F
9/2
→ 4I
15/2

transition
of some Er3+ ions after successive multiphonon nonradiative
relaxation from the 2H

9/2
to 4F
9/2

state. Under 1.54 𝜇mexcita-
tion, Er3+ ions can absorb energy by ground state absorption
(GSA) and excited state absorption (ESA) consecutively to
populate their 4I

13/2
and 4I

9/2
states in succession. Then,

some of Er3+ ions at 4I
9/2

level will nonradiatively relax (NR)
to the 4I

11/2
level. NaLuF

4
host lattice owns lower phonon

energy of less than 400 cm−1, and the NR process (Egap ∼

2500 cm−1) can be realized according to energy gap law [32].
Then the crossrelaxation process from 4I

13/2
to 4I
11/2

and
ESA process occur simultaneously: Er3+ (4I

13/2
→ 4I

15/2
)

and Er3+ (4I
11/2
→ 4F

9/2
), which results in the 659 nm red

upconversion emission (4F
9/2
→ 4I

15/2
). Besides, the 4I

11/2

and 4I
13/2

levels are also populated through NR process in
downconversion process. The energy in the 4I

11/2
and 4I

13/2

levels of Er3+ ions is usually dissipated via thermal energy;
however, under the 416 nm and 1.54 𝜇m coexcited, the Er3+

ions in the 4I
11/2

and 4I
13/2

levels from NR process can be
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Figure 7: (a) Photoluminescence excitation spectra (𝜆em = 659 nm) of 𝛽-NaLuF
4
:12mol%Er3+ with hexagonal prisms morphology; (b)

visible photoluminescence spectra of 𝛽-NaLuF
4
:12mol%Er3+under 416 nm excitation (black line), under 1.54 𝜇m excitation (red line), and

under 416 nm and 1.54 𝜇m dual excitation (blue line) (𝑃
416 nm = 0.8mW, 𝑃

1.54 𝜇m = 16mW); (c) absolute enhancement (𝜂) for the as-prepared
𝛽-NaLuF

4
:12 mol%Er3+ crystals using different surfactants with increasing 1.54𝜇m laser power under 416 nm and 1.54 𝜇m dual excitation.

excited again to the 4F
9/2

level by absorbing 1.54 𝜇m photons.
An energy loop chain can be described as follows:
4I
15/2
→ 2H

9/2
→ 4I

11/2
→ 4F

9/2
← 4I

11/2
← 4I

9/2

← 4I
13/2
← 2𝐻

9/2
← 4I

15/2
.

(3)

Therefore, the energy of nonradiative relaxation is excited
again, enhancing the intensity of red emission ( 4𝐹

9/2
→

4I
11/2

) under the dual excitation. As can be concluded,

the Er3+ ions from the nonradiative relaxation process create
a loop chain in the excitation circuit and offer a reexcited
source.

4. Conclusions

In summary, we successfully synthesized 𝛽-NaLuF
4
:Er3+

microcrystals with different surfactants by the hydrother-
mally method. The organic additives employed in the syn-
thesis process played a significant role. It proved that the
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upconversion in 𝛽-NaLuF

4
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chemical nature of the surfactants (EDTA, PVP-K30, and
Ct3−) differently acts with Ln3+ ions in solution, influencing
the formation and growth process of the microcrystals.
The EDTA-modified particles were found to be much more
efficient and brighter than others, in which the intense
659 nm red emission band was observed. Under 416 nm and
1.54 𝜇m dual excitation, the 8% absolute enhancement rate of
the red emission band originating from the 4I

11/2
and 4I

13/2

states of Er3+ ion from the nonradiative relaxation process in
the DC route can be excited again by absorbing the 1.54 𝜇m
IR photons in the UC route.
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An electrochemical DNA biosensor was successfully fabricated by using (3-aminopropyl)triethoxysilane (APTES) as a linker
molecule combined with the gold nanoparticles (GNPs) on thermally oxidized SiO

2
thin films. The SiO

2
thin films surface was

chemically modified with amixture of APTES andGNPs for DNAdetection in different time periods of 30min, 1 hour, 2 hours, and
4 hours, respectively. The DNA immobilization and hybridization were conducted by measuring the differences of the capacitance
value within the frequency range of 1Hz to 1MHz.The capacitance values for DNA immobilization were 160𝜇F, 77.8𝜇F, 70 𝜇F, and
64.6 𝜇F, respectively, with the period of time from 30min to 4 hours. Meanwhile the capacitance values for DNA hybridization
were 44 𝜇F, 54 𝜇F, 55 𝜇F, and 61.5 𝜇F, respectively. The capacitance value of bare SiO

2
thin film was 0.42 𝜇F, which was set as a base

line for a reference in DNA detection.The differences of the capacitance value between the DNA immobilization and hybridization
revealed that the modified SiO

2
thin films using APTES and GNPs were successfully developed for DNA detection.

1. Introduction

Gold nanoparticles (GNPs)with the sizes in the range of units
to hundreds of nanometres lately attract a comprehensive
attention in different fields of medicine, biology, physics, and
chemistry as a result of their unique electronic, magnetic,
optical, mechanical, physical, and chemical properties [1–
3]. Gold nanoparticles have gained considerable attention in
recent years for potential applications in industry and nano-
medicine. Also, gold nanoparticles show promising behavior
in enhancing the effectiveness of various aimed cancer treat-
ments such as photothermal therapy and radiotherapy [4].

Applications of gold nanoparticles show strong optical
dying out at near infrared and visible wavelengths which can
be tuned by modifying the size. Recently advances in their
high-yield synthesis, functionalization, stabilization and bio-
conjugation, gold nanoparticles are an increasingly applied
nanomaterial. Bulk gold is perfect for being inert; however,
the nanoparticulate sizes of gold show astronomically high
chemical reactivity [5, 6].

The development of DNA sensors has recently attracted
substantial attention in connection with research efforts
directed at gene analysis, the detection of genetic disorders,
tissue matching, and forensic applications [7].

DNA hybridization detection is amain issue inmolecular
biodiagnostics [8], determination of genetic diversity [9],
food analysis [10, 11], criminal investigation in forensics and
immigration [12], and environmental monitoring [8]. Differ-
ent techniques have been proposed for the detection of target
DNA, such as electrochemical sensing [13], fluorescence [14],
chromatography in tandemwithmass spectrometry [15], sur-
face plasma resonance [16], and oligonucleotide microarray
and DNA [17]. The detection of DNA is an area of excellent
interest as it plays a main role in clinical, pharmaceutical,
and forensic applications. Electrochemical transducer offers
several advantages, such as high sensitivity, simplicity, inex-
pensiveness, and accurate specificity for converting DNA
hybridization results into useful analytical signals [18–21].

The electrochemical DNA biosensor devices based on
the principle of nanotechnology have become one of the
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most exciting fields in analytical chemistry. This has been
facilitated by the accessibility of various nanomaterials, for
example, nanotubes [22], magnetic particles/nanoparticles
[23, 24], and nanowires [25].

Gold nanoparticles are widely used in immobilization
of DNA probe because of their unique characteristics, such
as strong adsorption ability, high biocompatibility, and great
surface area [26]. In this study, we have developed an easy to
fabricatewhichwere acted as the electrode forDNAdetection
by using GNPs synthesis on thermally oxidized SiO

2
. Prior to

the probe DNA immobilization and target DNA hybridiza-
tion detection, the SiO

2
thin films surface was modified with

GNPs due to its well-known chemistry, superior capacitance,
and huge attachment surfaces. A novel, label-free biosensor
and sensitive DNA sensor.

2. Materials and Methods

2.1. Preparation of GNPs Solution. Gold nanoparticles
(GNPs) were used in this project for the immobilization and
hybridization of the DNA on the SiO

2
thin films. Firstly, a

HAuCl
4
solution with the concentration of 0.49mol/L was

prepared by dissolving 500mg of HAuCl
4
into 3mL of 10%

HCl. Then, a diluted 0.2mM of HAuCl
4
solution was made

by adding 40 𝜇L (19.6 𝜇mol) of HAuCl
4
solution into 100mL

of deionized water as to produce solution A. Secondly,
558.79mg of trisodium citrate was added into 50mL of
deionized water to make a solution B. The concentration of
the solution was controlled at 38.8mmol/L. Solution A was
brought to a rolling boil at 150∘C with stirring vigorously
as to get a homogenous size of the GNPs solution. 10mL of
38.8mM of sodium citrate was added rapidly into the vortex
of the solution. The solution resulted in a color change from
pale yellow to red. Boiling and stirring were continued for
another 10min. The heating was then removed, and stirring
was continued for an additional 15min. When the solution
cooled down to room temperature, it was filtered through
a 0.8 𝜇m membrane filter paper. The prepared solution
was kept in the refrigerator with the temperature 4∘C and
measured by using UV-Vis with the wavelength 400 nm to
800 nm.

2.2. Modification of SiO
2
with GNPs. A p-type silicon (100)

wafer (1 cm × 1 cm) was cleaned by using acetone and iso-
propanol in ultrasonic for about 15 minutes and was
immersed into the buffered oxide etch (BOE) solution and
washed with deionized water followed by oxidation process
for 30 minutes. After oxidation, the silicon oxide (SiO

2
) layer

of thickness ∼50 nm, the aluminium (99.99% of purity) was
deposited on the backside of the Si using thermal evaporator.
The selectivity of the DNA biosensor was studied using the
GNPs/APTES/SiO

2
/Si/Al electrode. The SiO

2
surface was

functionalized with APTES solution which was prepared by
mixing of 2% APTES with 93% of ethanol and 5% of deion-
ized water.The silanyl group (–SH

3
) presented in APTES was

used for the process of silanization, which was chemically
attached with the hydroxyl-rich SiO

2
[27]. Besides that,

amino group (NH
2
–) presented in APTES was served as a

glue layer to attach the GNPs which linked to probe DNA.

Attachment between APTES and GNPs is shown in Figure 1.
For the surface modification of SiO

2
with APTES, 10𝜇L of

prepared APTES solution on the SiO
2
surface and incubated

for 2 hours.Then, the surfacewashed for 3 times in blowdried
the surface and drop 10 𝜇L ofGNPs on the surface at 150∘C for
20min on hotplate. This step was repeated 3 times to obtain
enough GNPs on the SiO

2
surface and electrode is ready for

electrical characterization.

2.3. Probe DNA Immobilization on Modified GNPs. Probe
DNA was purchased from 1st BASE Pte Ltd. (Malaysia). The
probe DNA sequences were 5-CTG ATA GTA GAT TTG
TGA CCG TAGAAA-C6. Probe DNA was dropped onto
the GNPs modified SiO

2
electrode for immobilization and

incubated at room temperature for 0.5, 1, 2, and 4 hours.
After a period of time, the electrode was carefully washed
by using deionized water to remove any unbonded DNA
probe and dried at room temperature. The probe-modified
devices were denoted as DNA/GNPs/APTES/SiO

2
/Si/Al and

then were ready for electrochemical measurements.

2.4. Hybridization of DNA. Hybridization of DNA used in
this project was purchased from 1st BASE Pte Ltd. (Malaysia).
Hybridization with complementary DNA sequences was 5-
CTA CGG TCA TCA CAA ATC TAC TAT CAG-3. To
hybridize the DNA, 10 𝜇L of 10 𝜇Mcomplementary DNAwas
dropped onto GNPs electrode and incubated for 2 hours.
After that, theGNPs electrodewaswashed by using deionized
water to remove any nonhybridized DNA and dried at
room temperature. 10 𝜇L of 0.5 𝜇Mmethylene blue was then
dropped onto the GNPs electrode and incubated again for
3 minutes. Finally, the GNPs electrode will once again be
washed with deionized water to remove any excess of methy-
lene blue and the GNPs electrode is ready to be electrically
measured once it has dried.

2.5. Electrochemical Measurements. Electrochemical mea-
surement was performed by using dielectric analyser. The
tests were conducted by using Ag/AgCl as the reference elec-
trode and GNPs-modified electrode as a working electrode.
TheAl acts as a back gate.The responses of theDNA immobi-
lization were investigated in 10𝜇M potassium hexacyanofer-
rate III, K

3
Fe(CN)

6
aqueous solution containing 0.1M KCl

as electrolyte. A schematic view of testing measurement for
DNA detection is shown in Figure 2.

3. Results and Discussion

3.1. Measurement of UV-Vis Spectroscopy. The characteriza-
tion of prepared GNPs solution was examined using an UV-
Vis spectroscopy. The measurements were carried out within
the wavelength range of 400–800 nm under ambient condi-
tions and the result is shown in Figure 3. The absorbance
maximum was found at 530 nm, which was indicative of
GNPs of diameter 35± 5 nm [28].Theparticle sizewas further
confirmed using the method described by Haiss et al. [29].

3.2. Capacitance Measurement. The dielectric behaviour of
GNPs modified surface for DNA detection was investi-
gated using dielectric analyzer. Figure 4 demonstrates the
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Figure 2: A schematic illustration of testing measurement of a modified GNPs electrode and the hybridization of DNA using APTES.

capacitance-frequency (C-F) characterization by connecting
two-point probe. The change in capacitance before and
after immobilization of the DNA onto the GNPs-modified
electrode was carried out in the frequency range of 1Hz
to 1MHz on the same sample. The result shows that the
capacitance values were 160𝜇F, 77.8 𝜇F, 70 𝜇F, and 64.6 𝜇F,
respectively, at 1 Hz for DNA immobilization on the devices
during periods of time in 30min to 4 hours. The capacitance
value for bare device was 0.42 𝜇F that was set as a base line.
The result indicated that the electrode device exhibited the
lowest capacitance value of 64.6𝜇F at period of 4 hours and

the highest capacitance value of 160 𝜇F in 30 minutes after
DNA immobilized ontomodified GNPs.The difference value
of capacitance in DNA immobilization and hybridization
in 30min has shown the largest capacitance value whereby
confirming that 30min is the best period for DNA immo-
bilization and hybridization. Furthermore, the capacitance
values for GNPs modified surface are higher than the bare
device. This is probably because the APTES is a conducting
polymer material that performs a better capacitance signal
compared with the bare device. The immobilization of DNA
was successfully detected by showing the highest capacitance
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Figure 4: A capacitance as a function of frequency for GNPs-modified SiO
2
thin films for DNA immobilization and hybridization detection

after (a) 30 minutes, (b) 1 hour, (c) 2 hours, and (d) 4 hours.
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Figure 5: A permittivity as a function of frequency for GNPs-modified SiO

2
thin films for DNA immobilization and hybridization detection

after (a) 30 minutes, (b) 1 hour, (c) 2 hours, and (d) 4 hours.

values onto the modified GNPs electrode in 30min. On the
other hand, during hybridization of the DNA, the methylene
bluewas bound in base pairs of double strandDNAselectively
that reflected the capacitance values of the sample measured
were 44 𝜇F, 54 𝜇F, 55 𝜇F, and 61.5 𝜇F, respectively, in 30min
to 4 hours. Therefore, this result confirming the behavior
of DNA immobilization and hybridization reaction was
successfully detected using a GNPs-modified electrode.

3.3. Permittivity Measurement. The permittivity measure-
ments were also performed on the same device as shown in
Figure 5. These measurements have the same direction with
the capacitance measurement whereby it gives the largest
changes in permittivity with probe DNA immobilization. It
is clearly observed that permittivity increased dramatically
which resulted in the permittivity values being 1450 × 103,
700 × 103, 630.6 × 103, and 580 × 103 for DNA immobilization

during period of time of 30min to 4 hours. The capacitance
measurements started to significantly increase from a fre-
quency of ∼1 Hz and degraded as the frequency increases.
The result revealed that permittivity measurement gives
more sensitivity at lower frequency during hybridization.
The permittivity values during hybridization were 399 × 103,
480 × 103, 500 × 103, and 554 × 103, respectively. This work
demonstrated that changes in capacitance and permittivity
value of the GNPs-modified electrode during probe DNA
immobilization and hybridization ensure the presence of the
DNA during the measurement using GNPs electrode.

4. Conclusions

In conclusion, we have demonstrated the DNA immobiliza-
tion and hybridization on GNPs-modified SiO

2
thin film

as electrode device. The difference of the capacitance and
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permittivity value during immobilization and hybridization
had successful conducted in electrolyte solution. The capaci-
tance and permittivity value differences in 30min have shown
the best result for DNA immobilization and hybridization.
This established GNPs based biosensing platform is poten-
tially applied as the diagnostic or enzyme sensor application.
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Nanosized Co powders were prepared by a chemical reduction method with and without CTAB (cetyltrimethylammonium
bromide, C19H42BrN) and carbon-coating heat treatment at 700∘C for 1 h, and the electrochemical properties of the prepared
nanosized Co powders were examined to evaluate their suitability as an anode material of Li-ion batteries. Nanosized amorphous
Co-based powders could be synthesized by a chemical reduction method in which a reducing agent is added to a Co ion-dissolved
aqueous solution. When the prepared nanosized Co-based powders were subjected to carbon-coating heat treatment at 700∘C for
1 h, the amorphous phase was crystallized, and a Co single phase could be obtained. The Co-based powder prepared by chemical
reduction with CTAB and carbon-coating heat treatment had a smaller first discharge capacity (about 557mAh/g) than the Co-
based powder prepared by chemical reduction without CTAB and carbon-coating heat treatment (about 628mAh/g). However, the
former had a better cycling performance than the latter from the third cycle. The carbon-coated layers are believed to have led to
quite good cycling performances of the prepared Co-based powders from the third cycle.

1. Introduction

There is much interest in several different types of lithium-
based rechargeable batteries [1–9], due to the expectation of
high specific energies and energy densities. The conventional
lithium-ion batteries use carbon-based materials as anodes
[10–12], but their theoretical capacity of 372mAh/g is not
sufficient.Therefore, the development of new anodematerials
with high capacity is needed.

Much work has been conducted on the subject of elec-
trodes using nanosized materials since nanosized powders
exhibit good electrochemical performance. Nanosized pow-
der can be synthesized by various methods, such as sol-gel

[13], solvothermal [14], spray conversion [15], and pulsedwire
evaporation (PWE) methods [16].

Kim et al. [17] synthesized nanosized Co powder by
a pulsed wire evaporation method as an anode material
for lithium batteries. The Li/Co cell fabricated with the
powder showed a plateau potential of 0.7 V and a capacity of
440mAh/g at the first discharge, and a reversible capacity of
about 280mAh/g after 30 cycles.

An ordered mesoporous Sn-C composite with Sn nano-
particles confined in carbon nanorods was prepared by Chen
et al. [18]. This composite delivered a reversible lithium
storage capacity of 554mAh/g at the 200th cycle as an anode
material of Li-ion batteries.
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Cobalt composites are potential candidates for use as an
anode material. Examples are Co-O [19], Co-C [20, 21], Co-
Sb [22], Co-Sn [23, 24], and Co-B [25] composites.

Yue et al. [21] synthesized a novel C/Co composite with
Co nanoparticles embedded in carbonmatrix by the pyrolysis
of polymeric cobalt phthalocyanine (PcCo) at 700∘C in
argon atmosphere. They reported that the C/Co electrode
had a reversible capacity of over 600mAh/g at a current of
50mAh/g after 40 cycles and showed better rate capability
and less hysteresis in comparison with carbon not containing
Co.

He et al. [24] performed hydrothermal synthesis and
examined the electrochemical properties of nanosized Co-
Sn alloy anodes for lithium-ion batteries. They reported
that prolonging the dwelling time at the same hydrothermal
temperature could increase the content of Sn oxides, which
would lead to a high initial irreversible capacity loss, but
better cycling stability, owing to the buffer effect of the
irreversible product Li

2
O.

Yiping et al. [25] produced Co-B fine particles by the
chemical reduction of aqueous solutions of cobalt chloride
with sodium borohydride. The particle size was in the range
of 20–100 nm. Ultrafine Co

74.4
B
25.6

amorphous powder was
prepared by Yuan et al. [26] with chemical reduction. The
as-prepared sample was formed by many interconnected fine
particles with sizes smaller than 100 nm.

Co-based powders were prepared via the chemical reduc-
tion method by several researchers. Lu et al. [27] reduced
cobalt (II) by chemical reduction. They added sodium boro-
hydride at a controlled rate, with the concentration of NaOH
varied in the reducing solution. The synthesized particle size
was about 20–100 nm.

Ahn [28] reported that nanosized anode materials had
high discharge capacities but showed poor cycling per-
formances. Carbon coating is thought to improve cycling
performances of anodematerials by preventing the formation
of SEI (solid electrolyte interphase) layers between anode
materials and electrolyte.

In this study, nanosized Co powders were prepared by a
chemical reduction method with and without CTAB (cetyl-
trimethylammonium bromide, C

19
H
42
BrN) and carbon-

coating heat treatment at 700∘C. Then, the electrochemical
properties of the prepared nanosized Co powders were
examined to evaluate their suitability as an anodematerial for
Li-ion batteries.

2. Experimental Details

In order to synthesize nanosized Co-based powders, the
materials listed in Table 1 were used.

Figure 1 shows a schematic of the apparatus used for
chemical reduction. CTAB is a cationic surfactant (surface
active agent) andwas added since its additionwas expected to
facilitate pore formation. CTAB-addedCo powders were syn-
thesized as follows. 5.94 g of cobalt (II) chloride hexahydrate
(CoCl

2
⋅6H
2
O) and 2.28 g of CTAB were dissolved by stirring

in 250 cc of distilled water, which was purged sufficiently
with high-purity nitrogen. 9.46 g of a reducing agent granular
sodium borohydride was also dissolved by stirring in 250 cc

2: Hose
3: Glass tubing
4: Gas inlet
5: Gas outlet

6: Reaction flask 3-neck
7: Reaction flask beaker (flat bottom)
8: Magnetic stirrer bar
9: Magnetic stirrer

1: N2 gas

1

2

3

4 5

6

7

8

9

Figure 1: Schematic of an apparatus for chemical reduction.

of distilled water, which was also purged sufficiently with
high-purity nitrogen. Then, the reducing agent solution
was added slowly to the solution containing the solutes in
order to prevent abrupt reaction due to CTAB, which can
cause boiling over. During this process, nitrogen was purged
continuously. After the reaction was completed, the solution
was filtered and washed by distilled water and ethanol to
prevent oxidation. The prepared powder was then dried.

Co powders without CTAB addition were synthesized
as follows. 11.88 g of cobalt (II) chloride hexahydrate
(CoCl

2
⋅6H
2
O) and 18.92 g of granular sodium borohydride

reducing agent were dissolved separately by stirring in 500 cc
of distilled water, which was purged sufficiently with high-
purity nitrogen. Then, the reducing agent solution was
added to the solute-containing solution at a rate of about
500 cc/min. During this process, nitrogen was purged con-
tinuously. After the reaction was completed, the solution was
filtered and washed by distilled water and ethanol to prevent
oxidation, and the prepared powder was dried.

TGA (thermogravimetric analysis) with an SDT2960 (TA
Instruments, USA) and DTA (differential thermal analysis)
with an STA409pc (Netzsch, Germany) were performed for
the synthesized samples by increasing the temperature to
1000∘C at a heating rate of 10∘C/min in an Ar atmosphere.
The sensitivity of the balance was 0.1 𝜇g.

Then the powder synthesized by the chemical reduction
method was carbon-coated in a tune furnace as follows.
The powder used as the carbon-coating agent was glucose
(C
6
H
12
O
6
, Oriental Chemical Industries, extra pure). The

reaction for carbon coating on the particles prepared by
chemical reduction is given by

C
6
H
12
O
6
→ 6C + 6H

2
O (1)
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Table 1: Raw materials used in this work.

Material Molecular formula Purity Manufacturing company
Cobalt (II) chloride hexahydrate CoCl2⋅6H2O 97.0% Samchun Pure Chemical Co., Ltd.
Sodium borohydride NaBH4 98.0% Samchun Pure Chemical Co., Ltd.
CTAB (cetyltrimethylammonium bromide) C19H42BrN 99.0% Samchun Pure Chemical Co., Ltd.

When C
6
H
12
O
6
is decomposed, the decrease in weight

is 60%, and 40% remains as carbon. The weight of the
glucose was determined by planning the Co-based powder
containing 20wt% coated carbon after C

6
H
12
O
6
decomposed

to carbon on the Co-based powder. The mixed weight
ratio of the Co-based powder to the C

6
H
12
O
6
powder was

61.54 : 38.46. A determined weight of the C
6
H
12
O
6
powder

was dissolved in distilled water with a spoon until precipitates
were not observed and thenmixed with the dried Co powder.
Theparticleswere then dispersed by an ultrasonic cleaner and
dried. This dried powder was heat-treated at 700∘C for 1 h in
Ar atmosphere.

The BET surface areas of the synthesized powders
were measured by a BET surface characterizing analyzer
(ASAP2010 and TriStar 3000 (Micromeritics, USA)).

The microstructures of the prepared samples were
observed by FE-SEM (field emission scanning electron
microscope, JXA-8600).

Co-based powder anodes were fabricated by dispersing
the powders, carbon (10wt% or 20wt%), and polyvinylidene
fluoride (PVDF) binder (10 wt%) in N-methyl-2-pyrrolidone
(NMP) to form a slurry, which was spread onto copper foil.
After drying the coated slurry at 80∘C for 12 h in vacuum, the
copper foil coated with the slurry was rolled under a pressure
of 100 kgf/cm2. The coated electrode was punched with a
Φ14.6mm punch. Li/Co-based powder coin cells (type 2016)
were then assembled. Li foil metal was used as the counter
and reference electrodes. The electrolyte was 1M LiPF

6
in a

1 : 1 (volume ratio) mixture of ethylene carbonate (EC) and
diethyl carbonate (DEC). The charge-discharge tests and CV
(cyclic voltammetry) tests were performed with a charge-
discharge tester (WBCS3000,WonATech Ltd.).The cells were
charged and discharged at a current density of 0.2mA/cm2 in
a voltage range of 0.001 V–2.5V versus Li/Li+.

3. Results and Discussion

The XRD patterns of the Co-based powders prepared by
chemical reduction method with and without CTAB are
shown in Figure 2. The prepared powders are amorphous
without crystalline peaks in their X-ray diffraction patterns.

Figure 3 presents the FE-SEM (field emission scanning
electron microscope) micrographs of Co-based powders
prepared by chemical reduction method, (a)–(c) with CTAB
and (d)–(f) without CTAB. The particles were dispersed by
an ultrasonic cleaner and dried to observe themicrostructure
by FE-SEM. The effect of the decrease in grain size can be
obtained by the chemical reduction method, since the solute
in the solution instantly reacts with the reducing agent. This
can be seen clearly in Figure 3. The grain size in the sample
prepared with CTAB has a wide particle size distribution

20 40 60 80 100 120 140

Amorphous-like In
te

ns
ity

 (a
.u

.)

Without CTAB

With CTAB
Amorphous-like

2𝜃 (deg)

Figure 2: XRD patterns of the Co-based powders prepared by
chemical reduction with CTAB and without CTAB.

between about 100 nm and 10–20 nm. The grain size in the
sample prepared without CTAB is quite homogeneous with
a grain size of about 20 nm. In the sample prepared without
CTAB, the fine grains are agglomerated, which can be seen
distinctly in the micrographs at high magnifications.

The TGA-DTA results of Co-based powders prepared by
chemical reduction method (a) with CTAB and (b) without
CTABare shown in Figure 4. Just after the chemical reduction
and drying, the Co-based powders were used for these
measurements, in which the temperature was increased to
1,000∘C at a heating rate of 10∘C/min in an Ar atmosphere.
The absorption peak at 139.86∘C in Figure 4(a) does not
appear in Figure 4(b). This absorption peak is believed to
result from the decomposition ofCTAB.Theweight decreases
rapidly at the beginning (<200∘C) in Figures 4(a) and 4(b).
This is believed to be due to the evaporation of the distilled
water, ethanol, and water vapor adsorbed during storage.The
distilled water and ethanol are those which had not been
removed during the chemical reduction. The crystallization
of Co is expected to occur at about 656.78–730.50∘C.This can
be verified in the XRD results obtained after heat treatment
at 700∘C.

Figure 5 shows the XRD patterns of Co-based powders
prepared by chemical reduction with and without CTAB
and carbon-coating heat treatment at 700∘C for 1 h. Clear
peaks corresponding to Co grains appear. Using the Scherrer
formula for the main Co peaks, the grain size of the particles
prepared with CTAB and carbon-coated was calculated as
33 nm, which was larger than that of 25 nm obtained for the
particles prepared without CTAB and carbon-coated. The
XRD patterns of Co-based powders prepared by chemical
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Figure 3: FE-SEMmicrographs of the Co-based powders prepared by chemical reduction (a)–(c) with CTAB and (d)–(f) without CTAB.

reduction with and without CTAB and carbon-coating heat
treatment at 500∘C showed that theseCo-based powderswere
not crystallized, as they were just after chemical reduction.

According to Saida et al. [29], the reaction mechanism of
Co powder by chemical reduction is as follows:

4Co
2

+

+ BH
4

−

+ 8OH− → 4Co + BO
2

−

+ 6H
2
O (2)

4Co
2

+

+ 2BH
4

−

+ 6OH− → 2Co
2
B + 6H

2
O +H

2
(3)

These reactions equations show that the reaction between
BH
4

− and Co produces Co or Co
2
B. The formation of Co in

this work suggests that reaction (2) occurs, forming BO
2

− and
H
2
O.

The FE-SEMmicrographs of Co-based powders prepared
by chemical reduction (a, b) with CTAB and (c, d) without
CTAB and carbon-coating heat treatment at 700∘C for 1 h
are shown in Figure 6. The particles prepared with CTAB
and carbon-coated are larger than those prepared without
CTAB and carbon-coated. The particles are believed to have
increased in size due to the formation of carbon-coated layers.
The particles prepared without CTAB and carbon-coated
are spherical, while those prepared with CTAB and carbon-
coated have square shapes with edges.

CTAB was added because we expected its addition to
facilitate pore formation. The Co-based powder prepared
by chemical reduction without CTAB and carbon-coating
heat treatment at 500∘C for 1 h had a BET surface area of
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Figure 4: TGA-DTA of the Co-based powders prepared by chemical reduction (a) with CTAB and (b) without CTAB.
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Figure 5: XRDpatterns of the carbon-coated Co-based powders prepared by chemical reductionwith andwithout CTAB and carbon-coating
heat treatment at 700∘C for 1 h.

3.80m2/g, indicating a high specific area of the powder. The
size of these Co-based particles was calculated as 180 nm
from the equation, particle size = 6/(specific surface area ×
density), by assuming the particles are spherical. The BET
surface area of the Co-based powder prepared by chemical
reduction with CTAB and carbon-coating heat treatment at
500∘C for 1 h could not be measured due to the difficulty in
the maintenance of vacuum. So, it was hard to verify that the
addition of CTAB facilitates pore formation.

Figure 7 shows the discharge capacity versus cycle num-
ber of Co-based electrodes prepared by chemical reduction
with and without CTAB and carbon-coating heat treatment
at 700∘C for 1 h. The Co-based powder prepared with CTAB
and carbon-coated has a smaller first discharge capacity
(about 557mAh/g) than the Co-based powder prepared
without CTAB and carbon-coated (about 628mAh/g). A
decrease in particle size of the host material is believed
to be able to buffer the volume expansion involved during
charge and discharge. Even though the volume expansionwas
minimized by preparing nanosized particles, at the beginning
of cycling, the discharge capacity decreases quite abruptly.
This is believed to be due to the formation of an SEI (solid
electrolyte interphase), which obstructs the movements of Li

ions and electrons. However, from the third cycle, the two
samples exhibit quite good cycling performances, and the
Co-based powder prepared with CTAB and carbon-coated
has a better cycling performance than the Co-based powder
prepared without CTAB and carbon-coated. The reason why
these two samples exhibit quite good cycling performance
from the third cycle is believed to be due to the carbon-coated
layer which prevents the formation of SEI (solid electrolyte
interphase) layers between anode materials and electrolyte.

Poizot et al. [30] reported that electrodes made of
nanoparticles of transition-metal oxides (MO, where M is
Co, Ni, Cu, or Fe) demonstrated electrochemical capacities of
700mAh/g, with 100% capacity retention for up to 100 cycles
andhigh recharging rates. Carbon-coated silicon anodeswere
reported by Dimov et al. [31] to have a charge capacity
of 1,080mAh/g at the first cycle and a charge capacity of
1,270mAh/g at the second cycle, at the current density of
1mA/cm2. Yue et al. [21] reported that the C/Co electrode,
in which Co nanoparticles are embedded in carbon matrix,
had a reversible capacity of over 600mAh/g at a current of
50mAh/g after 40 cycles. Kim et al. [17] reported that the
Li/Co cell, fabricated with the nanosized Co powder synthe-
sized by a pulsed wire evaporation method, had a capacity
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Figure 6: FE-SEMmicrographs of the carbon-coated Co-based powders prepared by chemical reduction (a, b) with CTAB and (c, d) without
CTAB and carbon-coating heat treatment at 700∘C for 1 h.
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Figure 7: Discharge capacity versus cycle number curves of the
carbon-coated Co-based electrodes prepared by chemical reduction
with andwithout CTAB and carbon-coating heat treatment at 700∘C
for 1 h.

of 440mAh/g at the first discharge and a reversible capacity
of about 280mAh/g after 30 cycles. The Li/carbon-coated
graphite electrodes were reported by Lee et al. [32] to have a
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Figure 8: Voltage versus time curves at the first cycle of the carbon-
coated Co-based electrodes prepared by chemical reduction with
and without CTAB and carbon-coating heat treatment at 700∘C for
1 h.

reversible capacity of approximately 350mAh/g. The Li/Co-
based cells of this work have smaller discharge capacities
than those of nanoparticles of transition-metal oxides [30]
and carbon-coated silicon anodes [31] and have the dis-
charge capacities similar to those of the C/Co electrode,
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in which Co nanoparticles are embedded in carbon matrix
[21]. However, the Li/Co-based cells of this work have larger
discharge capacities than those of the Li/Co cell fabricated
with the nanosized Co powder synthesized by a pulsed wire
evaporation method [17] and the Li/carbon-coated graphite
electrodes [32].

The curves of voltage versus time at the first cycle of
the Co-based electrodes prepared by chemical reduction
with and without CTAB and carbon-coating heat treatment
at 700∘C for 1 h are shown in Figure 8. The two Co-based
electrodes have very similar plateau voltages of about 1 V, and
the plateau voltage of the Co-based electrode prepared with
CTAB and carbon-coated decreases earlier. These plateau
voltages are very similar to that (0.7 V) of the Li/Co cell
fabricated with the nanosized Co powder prepared via a
pulsed wire evaporation method by Kim et al. [17].

4. Conclusions

Nanosized amorphous Co-based powders could be synthe-
sized by a chemical reduction method in which a reducing
agent is added to Co ions dissolved in an aqueous solution.
When the prepared nanosized Co powders were subjected to
carbon-coating heating treatment at 700∘C for 1 h, the amor-
phous phase was crystallized, and a Co single phase could be
obtained.The grain size of the particles prepared by chemical
reduction with CTAB and carbon-coating heat treatment was
calculated as 33 nm, which was larger than that of 25 nm
obtained for the particles prepared by chemical reduction
without CTAB and carbon-coating heat treatment. The Co-
based powder prepared with CTAB and carbon-coated had
a smaller first discharge capacity (about 557mAh/g) than
the Co-based powder prepared without CTAB and carbon-
coated (about 628mAh/g). However, from the third cycle, the
former had a better cycling performance than the latter. Even
though the volume expansion was minimized by preparing
nanosized particles, quite an abrupt decrease in the discharge
capacity observed at the beginning of cycling is believed due
to the formation of an SEI, which obstructs themovements of
Li ions and electrons.The carbon-coated layers are believed to
have led to quite good cycling performances of the prepared
Co-based powders from the third cycle.
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High monodispersive Pt nanoparticles (NPs) have been prepared via two facile and environmentally-friendly procedures, either
through a traditional solvothermal route (T-Pt NPs) or via a microwave-assisted route (M-Pt NPs). The transmission electron
microscopy (TEM) shows the high Monodispersity for T-Pt NPs with the average diameter being ca.2.79 nm and the pod-like
nanostructure for M-Pt NPs, which indicate the efficiency of both methods. An optimal choice of protocol allows reducing the
reaction time from 2 hours (T-Pt NPs) to 20 minutes (M-Pt NPs). The electrocatalytic activities of as-prepared Pt NPs were
investigated by cyclic voltammetry, showing very high catalytic activity for a methanol oxidation reaction.

1. Introduction

Recently, synthesis of platinumNPs with controlled sizes and
shapes has stimulated extensive research owing to its unusual
physical and chemical properties in developing highly active
Pt NPs for fuel cell reactions [1, 2], bioimaging [3], chemical
sensors [4], drug carrier for drug delivery systems (DDS)
[5], and so forth. Because of the high surface area, a large
number of edges and corner atoms for Pt NPs, it is generally
accepted that both catalytic efficiency and selectivity are
highly dependent on the size and shape of the platinum
material [6–8]. For instance, due to the high surface area
and enough absorption sites, the three-dimensional (3D)
dendritic platinum display high active as nanoelectrocatalyst
for the reduction of dioxygen and oxidation of methanol
[9]. Both Pt cubic nanoboxes and hollow spheres exist
higher activity than their solid particles in oxygen reduction
reaction or methanol oxidation reaction, indicating a strong
shape-dependent catalytic property [2, 10]. Therefore, it is
imperative to develop synthetic routes to prepare nonag-
glomerated, uniform Pt NPs with a well-controlled size
and a narrow size distribution. Up to date, serials methods
have been developed to synthesize Pt NPs with desired

morphologies in cube [2, 5], multioctahedral [11], dendritic
[12], flower [13], and one-dimensional nanostructure [14].
Recently, the mesoporous structure of Pt NPs becomes one
of the hot research topics and obtains considerable progresses
by Yamauchi group [15–17]. And also, serials of alloy or core-
shell Pt NPs have also been synthesized [18, 19]. Despite this,
developing a reliable, facile, and environmentally-friendly
strategy for the production of highmondispersive Pt NPs still
remains a challenge.

Herein, two facile and environmentally-friendly proce-
dures were proposed to synthesize high mondispersive Pt
NPs, either through a traditional solvothermal route (T-
Pt NPs) or via a microwave-assisted route (M-Pt NPs).
Microwave-assisted synthesis is a relatively new chemical
method to accelerate chemical reactions, which have been
widely applied in the nanomaterials preparation [20–23].The
use of the microwave-assisted route has several advantages
over other existing methods in terms of energy efficiency and
shorter reaction time from hours to minutes. Compared to
the previous polyol synthesis route, the water-based system
can provide a more environmentally benign route to the
synthesis of Pt NPs, because it does not involve toxic organic
solvents.
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Figure 1: TEM images of as-prepared Pt NPs with different magnification for (a-b) T-Pt NPs and (c-d) M-Pt NPs.

2. Experimental Section

In a typical synthesis, PVP(∼0.0025mmol) was completely
dispersed into 15mL distilled water with the assistance of
ultrasound irradiation. After that, H

2
PtCl
6
⋅6H
2
O dispersed

in ethylene glycol (EG) solution (7mL, 9.65 × 10−6mol/mL)
was added into the aforementioned aqueous solution under
the sonication. For solvothermal route, the mixed solution
was loaded into the 50mL Teflon lined autoclave, which
was maintained at 200∘C for 2 h. For microwave-assisted
route, the microwave-assisted reactions were carried out in a
focused single-mode microwave synthesis system (Discover,
CEM, 2.45GHz, 300W). Reactions at elevated pressure and
temperature were performed in 10mL vial, and the temper-
ature was accurately controlled by automatic adjusting of
microwave power at 200∘C for 20min. After reactions, the
products were cooled down to room temperature. The final
products were collected by centrifugation, washed several
times with water and ethanol, and dried at 50∘C under
vacuum condition. The samples are designated as T-Pt NPs
for solvothermal procedures and M-Pt NPs for microwave-
assisted reaction.

The morphology and composition of the products were
analyzed by transmission electron microscopy (TEM) and
X-ray powder diffraction patterns (XRD), which were con-
ducted on an H-7650 and Bruker D8 ADVANCE X-ray pow-
der diffractometer with GADDS HTS and Cu K𝛼 radiation
(𝜆 = 0.154184 nm). Electrochemical measurements are per-

formed on an Epsilon/100BWBAS electrochemical working
system. A glassy carbon electrode modified with Pt NPs is
employed as working electrode. A platinum foil is served as
the counter electrode and a saturated calomel electrode (SCE)
is used as the reference electrode.

3. Results and Discussion

Figures 1(a) and 1(b) are the typical TEM images for T-
Pt NPs with different magnification, indicating the high
monodispersity for as-prepared products. Inserted is the
high resolution TEM (HRTEM) image of a single Pt NPs,
displaying a single crystal nature for T-Pt NPs. The fringes
with lattice spacing of 0.23 nm can be indexed as {111} of face-
centered cubic (fcc) Pt. Figures 1(c) and 1(d) are the TEM
images for M-Pt NPs, showing the pod-like nanostructure.
A few NPs display the multiarm nanostructure. HRTEM
studies (Figure 1(d), inserted) show that these nanopods have
lattice fringes of 0.23 nm, corresponding to the interplane
distance of {111} planes in fcc-Pt. The crystalline nature
of the Pt nanopods suggests that these nanocrystals were
formed through an overgrowth mechanism rather than the
random aggregation of small nanocrystals [10], which is
due to the rapid heating and shorter reaction time func-
tion of microwave irradiation. The mean diameter for T-Pt
NPs is 2.79 nm (Figure 2(a)), which is consistent with the
HRTEM results (Figure 1(b), inserted). Based on Figure 1,
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Figure 2: (a) The statistical result of size distribution for T-Pt NPs, (b) XRD pattern for as-prepared T-Pt NPs.

one could find that both the traditional solvothermal route
and microwave-assisted route are effective routes for the
synthesis of high monodispersive Pt nanoparticles via the
given experimental conditions. However, for microwave-
assisted route, the reaction time was reduced from 2 hours
(T-Pt NPs) to 20 minutes (M-Pt NPs), indicating the reduced
energy consumption. The XRD pattern of as-prepared Pt
NPs is shown in Figure 2(b). The diffraction peaks at 39.8,
46.2, 67.5, 81.3, and 85.88 can be assigned to reflections from
the (111), (200), (220), (311), and (222) planes of the face-
centered cubic (fcc) Pt. The average size of the Pt NPs is
3.1 nm, calculated by theDebye-Scherrer formula on the basis
of the Pt (111) plane, which coincides with the result from the
Pt NPs size distribution histogram in the error (Figure 2(a)).

In the water-based system, contrast experiments were
carried out in detail to obtain universal protocols for high
mondispersive Pt NPs. Keeping the other experimental con-
ditions constant, it is not easy to obtain the ideal result using
sodium oleate instead of PVP. However, highmonodispersive
Pt NPs could be obtained using ascorbic acid as reducing
agent at appropriate sodium oleate concentration. For this
system, H

2
PtCl
6
⋅6H
2
Owas firstly dispersed in distilled water

rather than EG solution (9.65 × 10−6mol/mL). At optimal
conditions (2.7 × 10−5mol/mL for sodium oleate, 6.7 ×
10−7mol/mL for ascorbic acid), both samples show high
monodispersive naturewith average ca.3 nm forT-Pt (Figures
3(a) and 3(b)) NPs and ca.2.4 nm for M-Pt NPs (Figures 3(c)
and 3(d)), respectively. Based on Figure 3, one could see that
there is no obvious difference for the as-prepared Pt NPs via
the solvothermal (T-Pt NPs) and microwave-assisted routes.
In order to further understand the influence of concentration
of surfactants on Pt NPs growth, the process was carried out
with different sodium oleate concentrations. It is found that
the aggregative Pt NPs (not shown here) could be obtained
if the surfactant concentration was decreased down to 2.7 ×
10−6mol/mL.

Electrocatalytic activity of the Pt NPs toward methanol
oxidation reaction (MOR) was studied by cyclic voltammetry
in a nitrogen-saturated 0.5M CH

3
OH-0.5MH

2
SO
4
solution

at a scan rate of 50mV s−1, and the CV curves are shown in
Figure 4. Line a is the cure on behalf of the bare glassy carbon
electrode in 0.5M H

2
SO
4
solution. Line b is representative

of bare glassy carbon electrode in 0.5M H
2
SO
4
and 0.5M

CH
3
OH mixed solution. Line c stands for Pt NPs modified

glassy carbon electrode in 0.5M H
2
SO
4
and 0.5M CH

3
OH

mixed solution. Compared with lines a and b, it can be seen
from line c that there is a strong peak at 0.68V, which is the
oxidation peak of CH

3
OH oxidized to HCHO. The peak at

0.39V should be primarily attributed to the removal of the
residual carbon species, such as COads, formed in the forward
scan.The peak ratios between positive and negative scans are
ca.1.8, indicating relatively complete oxidation of methanol
to carbon dioxide [24]. All these results confirmed the high
catalytic activity of as-prepared Pt NPs for MOR.

Here, the efficiencies of two methods of synthesizing
monodispersive Pt NPs are compared using the ethylene gly-
col as reducing agent, either through a traditional solvother-
mal procedure or via microwave-assisted method. It is well
known that microwave irradiation provides rapid and uni-
form heating of reagents, solvents, and intermediates. This
rapid MW heating also provides uniform nucleation and
growth conditions, leading to homogeneous nanomaterials
with smaller sizes [20–23]. In the polyol reactions, EG was
as a sacrificial reductant of Pt ions according to the following
mechanism [25]:

CH
2
OHCH

2
OH → CH

3
CHO +H

2
O

CH
3
CHO + PtCl

6

2−
→ CH

3
COCOCH

3
+H
2
O + Pt

(1)

Firstly, EGwas rapidly changed intoCH
3
CHOup to given

temperature; simultaneously the Pt metallic ions are reduced
to metallic Pt NPs by CH

3
CHO.

4. Conclusion

A universal water-based protocol was developed to synthe-
size high monodispersive Pt NPs with spherical or pod-
like shape, using a traditional solvothermal route or via a
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Figure 3: TEM images of as-prepared Pt NPs with different magnification for (a-b) M-Pt NPs and (c-d) T-Pt NPs using sodium oleate as
surfactant and ascorbic acid as reducing agent.
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Figure 4: CVs of the Pt NPs (the potential was applied with a
scanning rate of 50mVs−1).

microwave-assisted route. Due to the rapid heating from
microwave irradiation, the overgrowth of Pt nanocrystals
results in the pod-like morphology for M-Pt NPs. However,
the microwave-assisted route is the more efficient method to
overcome tedious and time-consuming process and reduces
the reaction time from several hours to several minutes. CVs
confirmed the high catalytic activity of as-prepared Pt NPs
for MOR.
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Nanosized Pt-Sn/VC and Pt-Co/VC electrocatalysts were prepared by a one-step radiation-induced reduction (30 kGy) process
using distilled water as the solvent and Vulcan XC72 as the supporting material. While the Pt-Co/VC electrodes were compared
with Pt/VC (40wt%, HiSpec 4000), in terms of their electrocatalytic activity towards the oxidation of H

2
, the Pt-Co/VC electrodes

were evaluated in terms of their activity towards the hydrogen oxidation reaction (HOR) and compared with Pt/VC (40wt%,
HiSpec 4000), Pt-Co/VC, and Pt-Sn/VC in a single cell. Additionally, the prepared electrocatalyst samples (Pt-Co/VC and Pt-
Sn/VC) were characterized by transmission electron microscopy (TEM), scanning electron microscope (SEM), thermogravimetric
analysis (TGA), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), electrochemical surface area (ECSA), and fuel
cell polarization performance.

1. Introduction

Fuel cells have garnered global attention in recent decades
due to their high efficiency and environmental compatibility
[1, 2]. Among various types of fuel cells, proton exchange
membrane fuel cells (PEMFC) have shown great promise as
an alternative source of power generation for transportation
applications due to their low operating temperature, fast
startup, high power density, and low emission of pollutants
[1–5]. However, to make PEMFCs commercially viable, some
technical and economical challenges have to be overcome,
including the poor kinetics of the anodic reaction, the
complicated catalyst loading process, and the high cost of
electrocatalysts [6–9].

In a standard H
2
fuel cell, the PEMFC anode catalyst

facilitates the following hydrogen oxidation reaction (HOR):

H
2
→ 2H+ + 2e− (1)

Currently, the best electrocatalyst for the HOR is plat-
inum (Pt). The extremely high activity of Pt is believed to be

due to the nearly optimal bonding affinity that exists between
Pt and hydrogen. The bonding is strong enough to promote
facile absorption of H

2
from the gas phase onto a Pt surface

and the subsequent electron transfer, but the bonding is weak
enough to allow desorption of the resultant H+ ion into the
electrolyte [10–14]. In contrast, the bond between H

2
and

metals like W, Mo, Nb, and Ta is too strong, resulting in a
stable hydride phase. On the other hand, the bond between
H
2
andmetals like Co, Pb, Sn, Zn, Ag, Cu, andAu is tooweak,

resulting in little or no absorption [15–21].
Although Pt is expensive, it proves to be an exceptionally

effective catalyst for the HOR. Using the well-developed
Pt/VC catalyst approach, whereby ultrasmall (2-3 nm) Pt par-
ticles are supported on a high-surface-area carbon powder,
only an extremely small amount of Pt catalyst is required.
Thus, typical Pt loadings in PEMFC anodes have been suc-
cessfully reduced to around 0.05mg Pt/cm2. At these levels,
the anode Pt catalyst expense is relatively modest compared
to the expense associated with other components in the
fuel cell. For example, a 50 kW automotive fuel cell stack,
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operating at a power density of 1.0W/cm2, would require
about 2.5 grams of Pt for the anode catalyst. At a price of
$42/g, this represents a Ptmaterial cost of approximately $100
[1–3, 14, 16].

In this study, we prepared the Pt-Co/VC (Vulcan XC72)
and Pt-Sn/VC electrocatalysts by one-step radiation-induced
reduction. The obtained electrocatalysts have overcome the
disadvantages of the PEMFC (e.g., high cost and a weak bond
with H

2
). Pt-Co/VC and Pt-Sn/VC electrocatalysts were then

characterized by transmission electron microscopy (TEM),
scanning electron microscope-energy dispersive spectro-
scopic (SEM-EDS), thermogravimetric analysis (TGA), X-
ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), electrochemical surface area (ECSA), and fuel cell
polarization performance [17, 18].

2. Experimental

2.1. Chemicals. In this experiment, the H
2
PtCl
6
⋅H
2
O (37.5%

Pt), CoCl
2
⋅H
2
O (47.4% Co), and SnCl

2
⋅H
2
O (52.0% Sn) were

of analytical reagent grade (Sigma-Aldrich, USA) and were
used without further purification. Carbon black (Vulcan
XC72) was purchased from CABOT Co., Ltd. (USA). Nafion
(perfluorinated ion-exchange resin, 5% (w/v) solution in a
solution of 90% aliphatic alcohol/10% water mixture) was
also purchased from Sigma-Aldrich (USA). Solutions for
the experiments were prepared with water purified in an
aquaMAX-Basic 360 series plus water purification system
(YL Instruments Co., Ltd., Korea). The final resistance of
the water was 18.2 MΩcm−1 and the solutions were degassed
prior to each measurement. The other chemicals used in the
experiment were of reagent grade.

2.2. One-Step Preparation of Electrocatalysts by Radiation-
Induced Reduction. First, VC (Vulcan XC72) was purified
to remove the noncrystallized carbon impurities. VC was
treated with a mixture of H

2
SO
4
/H
2
O (2 : 8 vol%) and, in

the process, VC was purified. The purified VC was used as
the supporting material for deposition of the catalysts. The
Pt-Co/VC catalyst was prepared as follows: H

2
PtCl
6
⋅H
2
O

(0.43 g) and CoCl
2
⋅H
2
O (0.37 g) were dissolved in a mixture

of deionized water (188mL) and 2-propanol (12.0mL) was
added as a radical scavenger. Next, 1.0 g of the purified VC
support was added to the previously mentioned solution.
The PH of the reaction solution was adjusted to 10.0 using
NaOH.Nitrogenwas bubbled through the solution for 30min
to remove oxygen and then the solution was irradiated
under atmospheric pressure and ambient temperature. A
total irradiation dose of 30 kGy (dose rate = 6.48 × 105/h)
was applied. Pt-Co nanoparticle-deposited VC catalysts were
precipitated after 𝛾-irradiation. The Pt-Sn/VC electrocata-
lysts were prepared as described above. The molar ratios of
the input metal ions are Pt-Co/VC (Pt/Co = 0.6/0.4) and Pt-
Sn/VC (Pt/Sn = 0.6/0.4).

2.3. Characterization of Electrocatalysts Surface. The particle
size and morphology of the electrocatalysts were analyzed by
SEM-EDS images obtainedwith aHitachi S-4800microscope

operated at 30 kV.TheHR-TEM imageswere obtained using a
JEOL JEM-2100 microscope operated at 200 kV. The TGA of
the PEMwasmade on the TA instruments of the TGA S-1000
model with a heating rate of 10∘C/min, in a temperature range
of 0–800∘C. XRD was conducted using a Japanese Rigaku
D/max 𝛾A XRD, equipped with graphite monochromatized
Cu K𝛼 radiation (𝜆 = 0.15414 nm). The XPS analyses were
carried out with a MultiLab 2000 (Thermo) XPS using a
monochromated Al Ka source under a base pressure of 2.6 ×
10−9 torr.

2.4. Characterization of Electrochemical Performance Mea-
surement. Electrochemical measurements were carried out
at room temperature in a three-electrode cell connected to
an electrochemical analysis. A glassy carbon, coated with
a catalyst, was used as the working electrode. An Ag/AgCl
electrode and a Pt electrodewere used as a reference electrode
and as a counter electrode, respectively. Unless otherwise
stated, all potentials were relative to the Ag/AgCl. HOR
activity tests can be conducted by cyclic voltammogram
(CV). With the CV, the HOR was measured in oxygen-
saturated 0.5MH

2
SO
4
at 25∘C with the scan rate of 0.1 V s−1,

in the potential ranging from −0.2 V to +0.3 V.
Single cells were constructed to evaluate the fuel cell

polarization performance of the Pt-Co and Pt-Sn catalyst
electrodes. Membrane electrode assembly (MEA), with an
area of 10 cm2, was used to construct a single cell, which
had been fabricated by hot-pressing a pretreated Nafion 112
membrane (DuPont) between the anode and the cathode.The
catalyst loadings were 0.2mg of Pt at the cathode and 0.4mg
of Pt-Co, Pt-Sn at the anode. For all the tests, Pt (40wt%)/VC
(HiSpec 4000) was used as the anode catalyst. The catalyst
inks were prepared in a mixture solution composed of an
appropriate amount of DI water and the required amount
of 5 wt% Nafion ionomer solution (Aldrich). The Nafion
ionomer content was 20wt% in the anode catalyst layer and
25wt% in the cathode catalyst layer. The appropriate amount
of catalyst inks was painted uniformly on Teflon-coated
carbon paper (TGPH-090) and dried at 80∘C overnight. Fuel
cell polarization performance tests were conducted at 60∘C
with a WFCTS fuel cell test station.

3. Results and Discussion

Pt-M/VC catalysts were successfully prepared by a one-step
radiation-induced reduction (RIR) process. Diverse papers
have reported that the mechanism of RIR could be generally
proven by the following equation [22–28]:

H
2
O → eaq

−
,H+,H∙,OH∙,H

2
,H
2
O
2 (2)

Among these, free radical (H∙) and solvated electrons
(eaq
−) were used as strong reducing agents to reduce themetal

ions up to the zero-valence state, as shown in

M+ + eaq
−
→ M0, (3)

M+ +H∙ → M0 +H+ (4)
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Figure 1: TEM image of original VC (a), Pt-Co/VC (b), and Pt-Sn/VC (c) prepared by RIR.

Similarly, multivalent ions, such as Pt4+, Co2+, and Sn2+,
are reduced by a multistep reaction. On the other hand, the
hydroxyl radical (OH∙) has a high oxidizing capacity and
metal atoms and ions can be oxidized by hydroxyl radical.
In order to protect the oxidizing agent (OH∙), 2-propanol
was added to the reaction solution. The OH∙ radical reacted
with 2-propanol, as shown in (5). As a result, the metal ion
was then reduced to a zero-valencemetal atom by 2-propanol
radical, as shown in (6):

(CH
3
)

2
CHOH + ∙OH → (CH

3
)

2
C ∙OH+H

2
O, (5)

M+ + (CH
3
)

2
C ∙OH → M0 + (CH

3
)

2
C=O +H+ (6)

Similar to the findings of Choi et al. [24, 26, 28], various
metal and vinyl monomers were grafted onto the surface of
MWNTvia trapped radicals.The results showed that RIRwas
an effective metal deposition method on the surface of the
VC-supported electrocatalysts.

Figure 1 shows the HR-TEM images of the VC-supported
electrocatalysts prepared by one-step radiation reaction.They
are (a) purifiedVC, (b) Pt-Co/VC, and (c) Pt-Sn/VC catalysts,
respectively. As shown in Figure 1(a), there are no metallic
nanoparticles on the surface of the VC. Figures 1(b) and 1(c)
show that the HR-TEM images of the Pt-M/VC (M = Co,
Sn) catalyst clearly provide evidence for more deposition of
Pt-M alloy nanoparticles on the surface of VC composites

compared to the surface of pristine VC. The mean particle
size of the metallic nanoparticles was in 10 nm under.

Figure 2 shows SEM images of the VC-supported electro-
catalysts prepared by one-step radiation reaction.They are (a)
Pt-Co/VC and (b) Pt-Sn/VC catalysts, respectively. As shown
in Figures 2(a) and 2(b), the SEM images of the Pt-M/VC
catalyst clearly provide evidence for more deposition of Pt-
M alloy nanoparticles on the surface of the VC composites
compared to the surface of the pristine VC.Themean particle
size of the metallic nanoparticles were 10 nm under.This also
indicates that the RIR is capable of preparing a stoichiometric
Pt-M/VC electrocatalyst.

Although various strategies were used for synthesis of
the Pt-Co/VC and Pt-Sn/VC catalysts, the TGA data shown
in Figure 3 reveals that the actual metal loadings in all the
Pt-Co/VC and Pt-Sn/VC electrocatalysts are very close to
the normal value of 57∼62wt%. This suggests that Pt-Co/VC
and Pt-Sn/VC of the synthesis strategies are efficient for
preparation of high metal loading Pt-M catalysts [29].

Figure 4 shows the XRD patterns for the Pt-Co/VC and
Pt-Sn/VC electrocatalysts prepared by one-step radiation-
induced reduction. The Pt-Co/VC and Pt-Sn/VC electrocat-
alysts exhibit characteristics of a Pt face-centered cubic (fcc)
structure [29, 30]. The average particle sizes were calculated
using a Debye-Scherrer equation from the broadening of
the Pt (220) reflection [27, 28] as ca. 2.8 nm and 3.7 nm
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(a)
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Figure 2: SEM images of the Pt-Co/VC and Pt-Sn/VC prepared by RIR.
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Figure 3: TGA data of Pt-Co/VC and Pt-Sn/VC by RIR.

for Pt-Co/VC and Pt-Sn/VC, respectively. The particle sizes
calculated from the XRD data for Pt-Co nanoparticles are
generally in good agreement with the randomly measured
particle sizes from the HR-TEM and HR-SEM images shown
in Figures 1 and 2.
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Figure 4: X-ray diffraction patterns of Pt/VC, Pt-Co/VC, and Pt-
Sn/VC by RIR.

As shown in Figure 5, the XPS data was employed to
analyze the valence state and the surface composition of
the metal catalyst nanoparticles. Figures 5(b) shows the C1s,
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Figure 6: Cyclic voltammograms of the Pt-Co/C, Pt-Sn/VC, and Pt/VC (HiSpec 4000) electrodes in 0.5M H
2
SO
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; room temperature, scan

rate 0.1 V/s.

Pt4f, and Sn3d peaks of the commercial Pt-Sn/VC catalysts
prepared by RIRmethods, respectively.The C1s peaks appear
at 285 eV.The Pt4f peaks and Sn3d of the Pt-Sn/VC appear at
74, 71 eV, and 496 eV respectively. Figures 5(b) shows the C1s,
Pt4f, and Co2P peaks of the commercial Pt-Sn/VC catalysts.
The Pt4f peaks and the Co2p of the Pt-Co/VC appear at
74, 71 eV, and 785 eV, respectively [31–33]. As a result, the
Pt-Co and Pt-Sn were successfully deposited onto the VC-
supported electrocatalyst by RIR.

Catalyst utilization efficiency is a very crucial factor
which reflects the properties of catalysts, which is gen-
erally determined by dividing the electrochemical active
surface area (ECSA) by the chemical surface area (CSA).
Electrochemical surface area (ECSA) represents intrinsic
electrocatalytic activity of electrocatalysts. The ECSA can
be estimated from the integrated charge (after subtraction
of capacitance contribution) in the hydrogen absorption
region of the steady-state CV in 0.5mol H

2
SO
4
under N

2

atmosphere, based on a monolayer hydrogen adsorption
charge of 0.2mC/cm2 on crystalline Pt, Pt-Co, and Pt-Sn.
Well-definedhydrogen adsorption/desorption characteristics
were observed for Pt-M/VC electrocatalysts.

Figure 6 shows the cyclic voltammograms (CV) curves
of the Pt/C (HiSpec 4000), Pt-Co/VC, and Pt-Sn/VC elec-
trocatalysts in 0.5M H

2
SO
4
at room temperature under N

2

atmosphere for the ECSA. The measured ECSA for the Pt-
Co/VCwas found to be 92m2 g−1, which is much higher than
the measured ECSA of Pt-Sn/VC and Pt/C (HiSpec 4000),
which were 67m2 g−1 and 72m2 g−1, respectively. Compared
with Pt/VC and Pt-Sn/VC catalysts, higher ECSA for the Pt-
Co/VC catalysts suggests better utilization efficiency due to
smaller Pt-Co nanoparticles and better particle distribution
[34–36].
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Figure 7: Polarization and power density plots at 60∘C for PEMFCs
using Pt-Co/VC, Pt-Sn/VC, and Pt/VC (HiSpec 4000) anode cata-
lysts prepared by RIR. Test conditions: back pressure, PO

2
= 0 kPa,

PH
2
= 0 kPa; O

2
and H

2
gases flowing at 200 SCCM and 400 SCCM;

the catalyst loading was 0.2mg of Pt at the cathode and 0.4mg of
Pt-M or Pt/cm2 at the anode; Tcell = 60∘C.

Figure 7 shows the polarization performance and power
density curves of PEMFCs at 60∘C using Pt-Co/VC and Pt-
Sn/VC electrocatalysts.TheH

2
-fueled fuel cell polarization at

low current density is electrochemical-activation controlled
and mainly attributed to the sluggish HOR at the anode
surface. The lowest loss in polarization voltage was observed
for the Pt-Co/VC catalyst compared to the Pt-Sn/VC catalyst,
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indicating that the highest catalytic activity was toward the
HOR. The maximum power density is 345mWcm−2 for the
Pt-Co/VC catalyst, which is much higher than the maximum
power density observed for the Pt-Sn/VC (275mWcm−2) and
Pt/VC (252mWcm−2) catalysts. Once more, this illustrates
that the Pt-Co/VC catalyst exhibits better fuel cell perfor-
mance compared to those other catalysts (HiSpec 4000, Pt-
Sn/VC), which is in full agreement with electron microscopy
(HR-TEM, HR-SEM) data and the XRD data. The Pt-Co/VC
catalysts exhibited a power density that was similar to the
HiSpec 4000 Pt (40wt%)/VC catalysts [34, 35], respectively.
Surprisingly, the Pt-Co catalysts outperformed the state-of-
the-art commercial Pt/VC (HiSpec 4000), having half as
much Pt loading. Higher HOR electrocatalytic activity and
better fuel cell performance are attributable to its larger
ECSA, which is closely related to the smaller nanoparticles
and the greater uniform particle dispersion of the Pt-Co
catalyst (one-step radiation-induced reaction) on the VC-
supported electrocatalyst [35–37].

4. Conclusions

In this study, VC-supported electrocatalysts were synthe-
sized by a one-step radiation-induced reaction process in
aqueous solution at room temperature without reducing
agents. The efficiency of the prepared electrocatalysts was
evaluated. The following conclusions were drawn based on
the experimental results. In spite of the low metallic contents
of Pt-Co/VC electrocatalysts, there efficiencies for hydrogen
oxidation reaction and power density were higher than those
of the Pt/VC and Pt-Sn/VC electrocatalysts.The resulting Pt-
Co/VC electrocatalyst has demonstrated its possibility as a
promising electrocatalyst in PEMFC.
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[37] M. S. Saha, A. F. Gullá, R. J. Allen, and S. Mukerjee, “High
performance polymer electrolyte fuel cells with ultra-low Pt
loading electrodes prepared by dual ion-beam assisted deposi-
tion,” Electrochimica Acta, vol. 51, no. 22, pp. 4680–4692, 2006.



Research Article
Optimization of the Electrodeposition Parameters to
Improve the Stoichiometry of In2S3 Films for Solar Applications
Using the Taguchi Method

Maqsood Ali Mughal,1 M. Jason Newell,1 Joshua Vangilder,1 Shyam Thapa,1 Kayla Wood,2

Robert Engelken,1,2 B. Ross Carroll,3 and J. Bruce Johnson3

1 Environmental Sciences Graduate Program, Arkansas State University, State University, Jonesboro, AR 72467, USA
2 Electrical Engineering Program, Arkansas State University, State University, Jonesboro, AR 72467, USA
3 Chemistry and Physics Program, Arkansas State University, State University, Jonesboro, AR 72467, USA

Correspondence should be addressed to Robert Engelken; bdengens@astate.edu

Received 7 November 2013; Accepted 28 March 2014; Published 30 April 2014

Academic Editor: Alireza Talebitaher

Copyright © 2014 Maqsood Ali Mughal et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Properties of electrodeposited semiconductor thin films are dependent upon the electrolyte composition, plating time, and
temperature as well as the current density and the nature of the substrate. In this study, the influence of the electrodeposition
parameters such as deposition voltage, deposition time, composition of solution, and deposition temperature upon the properties
of In
2
S
3
films was analyzed by the Taguchi Method. According to Taguchi analysis, the interaction between deposition voltage and

deposition time was significant. Deposition voltage had the largest impact upon the stoichiometry of In
2
S
3
films and deposition

temperature had the least impact. The stoichiometric ratios between sulfur and indium (S/In: 3/2) obtained from experiments
performed with optimized electrodeposition parameters were in agreement with predicted values from the Taguchi Method. The
experiments were carried out according to Taguchi orthogonal array L

27
(34) design of experiments (DOE). Approximately 600 nm

thick In
2
S
3
films were electrodeposited from an organic bath (ethylene glycol-based) containing indium chloride (InCl

3
), sodium

chloride (NaCl), and sodium thiosulfate (Na
2
S
2
O
3
⋅5H
2
O), the latter used as an additional sulfur source along with elemental sulfur

(S). An X-ray diffractometer (XRD), energy dispersive X-ray spectroscopy (EDS) unit, and scanning electron microscope (SEM)
were, respectively, used to analyze the phases, elemental composition, and morphology of the electrodeposited In

2
S
3
films.

1. Introduction

During the last few decades solar energy has received
attention due to increased environmental concerns over
traditional energy resources such as coal, oil, and natural gas.
Fossil fuel prices will rise over time and resources may even-
tually deplete. Hence, the world’s current electricity supply
is facing government, businesses, and consumer pressures to
support development of alternative energy resources such as
solar cells. The solar industry has come of age lately and the
world’s most efficient solar cell from Sharp can convert an
impressive 44.4% of incoming photon energy into electrical
energy [1]. Prices of solar panels have continued to drop
while the market size of the US solar industry grew 34%
between 2011 ($8.6 billion, 1,187MW) and 2013 ($11.5 billion,

3,317MW) [2]. However, scientists continue to research novel
semiconductor materials and deposition techniques that can
provide higher efficiencies and low-cost solar panels with less
environmental impact upon the Earth.

In this paper, we report studies on electrodeposition of
In
2
S
3
, an environmentally friendly replacement to CdS for

solar cell applications as a buffer layer. In
2
S
3
films were

electrodeposited onto molybdenum-coated glass substrates.
Electrodeposition is a low-cost, nonvacuum, and large indus-
trial scale-based deposition technique to deposit material
efficiently and uniformly. However, the electrochemistry
behind it is complex due to multiple deposition parameters
that may have individually and in tandem an impact upon
the properties of the material [3, 4].The Taguchi Method was
used to optimize electrodeposition parameters in order to
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improve the stoichiometry of In
2
S
3
films, which is one of the

most important properties of any photovoltaic material and
critical to obtaining the desired band gap and performance.
Therefore, in the present study, the primary goal was to
improve the stoichiometrywhile avoiding nonuniformity and
nonadherency in the electrodeposited In

2
S
3
films. Taguchi

analysis helped us to analyze the effect of each deposition
parameter upon the stoichiometry of In

2
S
3
films.

2. Materials and Methods

2.1. Indium Sulfide (In
2
S
3
). In
2
S
3
is an important member of

III–VI group of midgap semiconducting sulfides, applicable
for optoelectronics, solar cells, and photoelectric devices [2].
In
2
S
3
is an indirect band gap semiconductor with potential

to become a nontoxic alternative to CdS as a buffer layer in
copper indium gallium selenide/sulfide- (CIGS-) based solar
cells [5, 6]. It is a promising buffer material for photovoltaic
applications because of its stability, reasonably wide band gap
(2.3 eV) [7, 8], and photoconductive behavior [9]. Several
reports have been published on deposition of In

2
S
3
by

different deposition techniques (both wet and dry), in thin
film and powder form, with diverse morphologies [7, 10, 11].
In CIGS-based solar cells buffered with In

2
S
3
, efficiencies of

15.7% [12] have been achieved, which is slightly less than the
16% efficiency reported for CdS-based solar cells deposited
by chemical bath deposition (CBD) [13]. Electrodeposited
In
2
S
3
-buffered CIGSe solar cells have yielded 10.2% efficiency

[14]. However, the use of ethylene glycol as an organic
electrolyte for the electrochemical synthesis of In

2
S
3
films

has not been reported previously, with the exception of
IEEE conference proceedings [3] regarding our work at
the Optoelectronic Materials Research Laboratory (OMRL),
Arkansas State University, Jonesboro, AR.

2.2. Electrodeposition. Electrodeposition is widely used in
the coating industry and is considered to be a low-cost
technique for large surface coatings with full coverage and
high growth yield [15]. It was introduced by Kröger in the
field of semiconductors in 1978, while working on cathodic
deposition of CdTe, an absorber material [16]. Since then,
electrodeposition has emerged as a method for the synthesis
of semiconductor thin films and manufacturing of nanos-
tructures such as chalcogenides [17]. Electrodeposition takes
placewhen voltage is applied across the electrodes (anode and
cathode) immersed in an electrolyte. The anode is anodized
and the cations in the solution start moving towards the
cathode with the help of the electric field created in the
electrochemical cell. The reduction reaction takes place at
the surface of the cathode and leads to deposition of the
desired material. The process provides high material trans-
fer/utilization efficiency, in situmeasurements [18], precision
control with proper bath chemistry, and environmental safety
in terms of solvent emissions [14]. However, most of the
work on semiconductor electrodeposition is limited to a few
technologically important semiconductors. There are several
deposition parameters which can affect the properties of the
semiconductor material [19]. Many fundamental aspects of

the electrodeposition of semiconductors are still misunder-
stood and not clearly defined. Since In

2
S
3
shows promise and

has not been studied as extensively as some semiconductors,
in this work we determine the optimal deposition parameters
for the electrodeposition of In

2
S
3
thin films to obtain proper

stoichiometry, crystalline structure, and morphology.

2.3. Taguchi Method. The “Taguchi Method” is a powerful
tool developed by Genichi Taguchi in 1966 to improve the
quality of industriallymanufactured products [20]. It is a sim-
ple and effective technique that aims to optimize manufac-
turing processes in order to obtain the optimal performance.
Today, this statistical tool is frequently applied to engineering,
pharmaceutical, and biotechnology industries [21, 22].

Taguchi believed that this robust design could help to
minimize (if not eliminate) a loss of quality which ultimately
results in cost to society [23]. He defined the sensitivity
(signal-to-noise ratio, S/N) as the logarithmic function for
the response analysis (the characteristic performance that
could be “stoichiometry’’ as it is in our case) of chosen
deposition parameters to generate optimal design [22]. This
analysis helps to compare the performance of a product with
changing S/N ratios depending upon experimental proce-
dures. The S/N ratio can integrate with the Taguchi orthog-
onal array (TOA) design of experiments and predict values
(optimal) to achieve improved performance in the product
and the process [21]. It is a suitable method to statistically
analyze thin films since there are so many electrodeposition
parameters that may have an impact upon the properties of
semiconductor thin films. In the past, the Taguchi Method
has been applied to various thin films (CuInSe

2
, TiN, and Ni)

[21–24]. Figure 1 depicts the flowchart of the steps involved in
the Taguchi Method.

2.4. Steps

(1) Select Characteristic Performance. The initial step in the
Taguchi Method involves selecting a characteristic perfor-
mance that is affected by different parameters in the man-
ufacturing process. The stoichiometric ratio between sulfur
and indium was chosen as a characteristic performance in
this study. The Taguchi Method will allow investigating how
different parameters affect themeans and variances of the sto-
ichiometry of In

2
S
3
films. Furthermore, thiswill help improve

the functioning of the process and quality of the product.

(2) Select Deposition Parameters and Their Levels. Based
upon the preliminary experiments and results, deposition
parameters significantly affecting the stoichiometry of In

2
S
3

films were selected. These deposition parameters include
voltage, time, composition of solution, and temperature at
three different levels, as specified in Table 1. The values of
the levels were changed to study the effects of individual
deposition parameters, as well as their interactions, upon the
responses, with the least number of experimental runs.

The levels for each deposition parameter were chosen
such as to cover the combinations where optimal conditions
could potentially exist.
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Figure 1: Steps in the Taguchi Method for design of experiments.

(3) Select Orthogonal Array Taguchi Design of Experiments
(DOE). Taguchi orthogonal array L

27
(34) design of exper-

iments (DOE) (see Table 2) was applied to identify the
critical deposition parameters. An orthogonal array of L

27

was selected for conducting experiments at three levels for
four deposition parameters, as mentioned above. In Table 2,
Columns 1, 2, 5, and 9 represent deposition parameters A, B,
C, and D. The design speeds up the process of experimenta-
tion and additionally saves time and resources.

(4) Conduct Experiments. According to L
27

DOE, there are
a total of 27 experiments needed to complete this study. For
each experiment, three trials were performed to gain balance
in the DOE and achieve high accuracy in the data. Hence, a
total number of 81 experiments were performed.

(5) Analyze Data and Determine Optimal Parameter Levels.
With the Taguchi Method, the analysis consisted of analysis

ofmeans (ANOM) and analysis of variance (ANOVA) for S/N
ratios.The effect of each deposition parameter at a given level
upon the quality of In

2
S
3
films can be best estimated using

ANOM.The basic goal of ANOVA is to estimate the variance
in the film quality, owing to the deposition parameters in
terms of S/N ratios.

A main effect plot for S/N ratios helped us to determine
the optimal value for each deposition parameter.

(6) Predict Optimal Values: Orthogonal Regression Analysis.
Orthogonal regression analysis helped improve the mean
characteristic performance value and drive it closer to the
target value, thus improving the quality of the product. It nar-
rows down the scope of the manufacturing process and iden-
tifies the problem with the help of data already in existence.

(7) Perform Confirmatory Experiment. The final step in the
Taguchi Method involves the validation of experiment and
results from optimal deposition parameters to acquire the
targeted value of the characteristic performance, that is, the
stoichiometric ratio between sulfur and indium.

3. Experimental Details

A three-electrode electrochemical cell (see Figure 2) con-
taining an ethylene glycol (organic solvent) bath of sulfur
S (precipitated, 99.5%), sodium thiosulfate Na

2
S
2
O
3
⋅5H
2
O

(99+%), indium chloride InCl
3
(anhydrous, 99.99%, metal

basis), and sodium chloride NaCl (metal basis, 99.99%) from
Alfa Aesar was used to conduct experiments with three
different compositions as shown in Table 1.

A Ag/AgCl reference electrode from Fisher Scientific
filled with potassium chloride (KCl) and ethylene glycol
(C
2
H
6
O
2
), a Mo-coated glass substrate (Mo sputtered onto

0.12-inch thick soda lime glass, 1 inch × 1 inch) as the working
electrode (cathode), and graphite (1.25 inch × 1.25 inch) as a
counter electrode (anode) were used to perform experiments.
A digital potentiostat (WaveNow) fromPine Research Instru-
ment Company was used for supplying voltage. A digital
hotplate from Fisher Scientific (Isotemp 11-400-49SHP) was
used to heat and stir the solution. Magnetic agitation of the
organic bath was produced with a commercial Teflon-coated
magnetic stir bar centered at the bottom of the glass beaker.
The stir rate was kept constant at 300 rpm.

Molybdenum-coated glass substrates were cleaned in an
acetone solution in an ultrasonic bath (Cole-Parmer 8890)
and vibrated for 15min.The organic electrolytic solution was
prepared by dissolving elemental S in 150mL of ethylene
glycol and heating the solution at 150∘C. Once the S was
fully dissolved, the solution was cooled to 80∘C, and then
InCl
3
(0.05M) and NaCl (0.1M) were added. Na

2
S
2
O
3
⋅5H
2
O

(used as an additional source for sulfur) was then added.
The solution was continuously stirred and uniformly heated
to avoid precipitation of sulfur in the cell and aging of
the In

2
S
3
colloid (small size chemical traces/species that

stand idle at the walls or bottom of the beaker) formed by
trace reduction and chemical precipitation of the solutes.
The solution was then used for electroplating In

2
S
3
onto

the substrate. In
2
S
3
films were first slowly cooled to room
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Table 1: Control deposition parameters and levels for the electrodeposition of In2S3 thin films.

Level “𝐴,” deposition
voltage (V)

“𝐵,” deposition time
(min) “𝐶,” composition of solution “𝐷,” deposition

temperature (∘C)
1 −0.6 3 0.1M S + 0.05M InCl3 + 0.1MNaCl 150

2 −0.7 6
0.1M S + 0.1MNa2S2O3⋅5H2O +

0.05M InCl3 + 0.1MNaCl 160

3 −0.8 9 0.2MS + 0.05M InCl3 + 0.1MNaCl 170

Table 2: Taguchi orthogonal array L27 (3
4) design of experiments with interactions.

Exp. number 1 (𝐴) 2 (𝐵) 3
(𝐴 × 𝐵)

4
(𝐴 × 𝐵) 5 (𝐶) 6

(𝐴 × 𝐶)
7

(𝐴 × 𝐶)
8

(𝐵 × 𝐶) 9 (𝐷) 10 11
(𝐵 × 𝐶) 12 13

1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 1 1 1 1 2 2 2 2 2 2 2 2 2
3 1 1 1 1 3 3 3 3 3 3 3 3 3
4 1 2 2 2 1 1 1 2 2 2 3 3 3
5 1 2 2 2 2 2 2 3 3 3 1 1 1
6 1 2 2 2 3 3 3 1 1 1 2 2 2
7 1 3 3 3 1 1 1 3 3 3 2 2 2
8 1 3 3 3 2 2 2 1 1 1 3 3 3
9 1 3 3 3 3 3 3 2 2 2 1 1 1
10 2 1 2 3 1 2 3 1 2 3 1 2 3
11 2 1 2 3 2 3 1 2 3 1 2 3 1
12 2 1 2 3 3 1 2 3 1 2 3 1 2
13 2 2 3 1 1 2 3 2 3 1 3 1 2
14 2 2 3 1 2 3 1 3 1 2 1 2 3
15 2 2 3 1 3 1 2 1 2 3 2 3 1
16 2 3 1 2 1 2 3 3 1 2 2 3 1
17 2 3 1 2 2 3 1 1 2 3 3 1 2
18 2 3 1 2 3 1 2 2 3 1 1 2 3
19 3 1 3 2 1 3 2 1 3 2 1 3 2
20 3 1 3 2 2 1 3 2 1 3 2 1 3
21 3 1 3 2 3 2 1 3 2 1 3 2 1
22 3 2 1 3 1 3 2 2 1 3 3 2 1
23 3 2 1 3 2 1 3 3 2 1 1 3 2
24 3 2 1 3 3 2 1 1 3 2 2 1 3
25 3 3 2 1 1 3 2 3 2 1 2 1 3
26 3 3 2 1 2 1 3 1 3 2 3 2 1
27 3 3 2 1 3 2 1 2 1 3 1 3 2

temperature to avoid thermal shock by immersing in warmed
ethylene glycol and then rinsed with distilled water and
acetone. The samples were stored in airtight plastic boxes.

4. Results and Discussions

4.1. Energy Dispersive X-Ray Spectroscopy (EDS). After con-
ducting all 81 experiments, the elemental compositions for
the electrodeposited In

2
S
3
films were determined using EDS

on the scanning electron microscope (SEM) from Tescan
(Model VEGATS 5136XM).The INCAX-Sight (Model 7378)
fromOxford Instruments is integrated with the SEM for EDS

to function. The films were scratched off of the Mo-coated
glass substrates because sulfur peaks (K lines) in EDS overlap
with molybdenum peaks (L lines) from the substrates during
acquisition at about 2.3 keV.

Following removal, the film was collected on an alu-
minum stub in powder form with the help of adhesive tabs.
EDS was performed on three different areas over the surface
distribution of the scratched-In

2
S
3
film collected on the stub

to calculate the mean S/In molar ratio for each film (see
Figure 3 and Table 3). The In

2
S
3
films may contain oxygen,

carbon, aluminum, and molybdenum, as is evident from
Table 3 (see Spectra 1 and 2). The In

2
S
3
films may oxidize
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Figure 2: Three-electrode electrochemical cell.

Table 3: EDS analysis (Experiment Number 5, Trial 2).

Spectrum Atomic %
O C S Mo Al In S/In

Spectrum 1 16.7 21.27 37.41 0 0 24.62 1.519
Spectrum 2 1.05 20 44.45 3.21 0 31.29 1.421
Spectrum 3 0 0 60.32 0 0 39.68 1.520
Mean 5.91 13.75 47.39 1.07 0 31.86 1.487

over a period of time, especially if not properly/immediately
stored. Since the adhesive on the aluminum stub used to
collect the scratched-In

2
S
3
film contains carbon, EDS may

detect carbon and also aluminum, as a part of the compo-
sition of the film. Molybdenummay also be detected by EDS
as films were scratched off of the molybdenum-coated glass
substrate. However, the stoichiometric ratios between sulfur
and indiumwere close to optimal values, which is also evident
from Table 3.

Hence, the S/In ratio calculated for each experiment was
the mean of the mean S/In ratios determined from all three
trials for the same experiment. The S/In ratios determined
for all 27 experiments are listed in Table 4.

4.2. Signal-to-Noise Ratio (S/N) Analysis. Signal-to-noise
ratio (S/N) was calculated using Minitab 16 in response to
these stoichiometric ratios to measure the quality character-
istic. The average S/N ratio was an average of all S/N ratios of
a deposition parameter at a given level.

The formula used to calculate the S/N ratio is given by the
following equation (“𝑦” is the mean value of the performance
characteristic for a given experiment and “𝑠” is the variance):

𝑆/𝑁 = 10 log
𝑦
2

𝑖

𝑠
2

𝑖

, (1)

SEM MAG: 1.21 kx DET: SE detector

50𝜇m

HV: 10.0 kV Date: 04/11/13

(a)

DET: SE detectorSEM MAG: 99x

Spectrum 1

Spectrum 2

Spectrum 3

2mm

Date: 04/11/13HV: 20kV

(b)

Figure 3: E5,2 (ExperimentNumber 5 andTrialNumber 2): (a) SEM
image of In

2
S
3
film at 1.21 kX. (b) SEM image of scratched off film on

an aluminum stub at 99X with selected surface area (squares) for
EDS analysis.

where

𝑠
2

𝑖
=
1

𝑁
𝑖
− 1

𝑁𝑖

∑

𝑢=1

(𝑦
𝑖,𝑢
− 𝑦
𝑖
) (2)

𝑦
𝑖
=
1

𝑁
𝑖

𝑁𝑖

∑

𝑢=1

𝑦
𝑖,𝑢
, (3)

where 𝑖 is the experiment number, 𝑢 is the trial number, and
𝑁
𝑖
is the number of trials for experiment 𝑖.
Using the above mathematical expressions, S/N ratios

response for each deposition parameter and its level were
calculated and are given in Table 5.

The response table includes ranks based upon delta
statistics (), which compare the relativemagnitude of effects
for each deposition parameter. The symbol  is the highest
average S/N ratio for each parameter minus the lowest
average S/N ratio for the same (e.g., in case of parameter
“A,”  = 34.79 − 23.21 = 11.58). Ranks are assigned based
on  values; Rank 1 is assigned to the highest  value,
Rank 2 to the second highest  value, and so on. Therefore,
deposition voltage had the most significant impact upon the
stoichiometry of the In

2
S
3
films, and deposition temperature
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Table 4: Sulfur to indium (S/In) molar ratios from EDS.

Uniformity L27 orthogonal array
experiment S/In molar ratio

◼ 1 1.1556
◼ 2 1.2567
◼ 3 1.2313
◼ 4 1.3697
◼ 5 1.3132
◼ 6 1.3196
◼ 7 1.6671
◼ 8 1.4445
◼ 9 1.4097
◼ 10 1.2559
◼ 11 1.3510
◼ 12 1.3297
◼ 13 1.3818
◻ 14 1.3910
◻ 15 1.4462
◻ 16 1.3684
◻ 17 1.4012
◻ 18 1.46
◻ 19 1.2894
◻ 20 1.2354
◻ 21 1.4032
◻ 22 1.3520
◻ 23 1.2807
◻ 24 1.4150
◻ 25 1.4108
◻ 26 1.2442
◻ 27 1.4221
◼ Uniform In2S3 films.
◻ Nonuniform In2S3 films.

Table 5: Response table for signal-to-noise ratios.

Levels𝐴, depositionvoltage (V)
𝐵, deposition
time (min)

𝐶,
composition
of solution

𝐷, deposition
temperature

(∘C)
1 34.79 31.61 24.68 25.04
2 23.21 25.73 30.92 30.13
3 23.63 24.52 26.15 27.18
 11.58 7.08 6.23 5.10
Rank 1 2 3 4

had the least significant impact. The corresponding main
effects and interaction plots between the parameters are also
shown in Figures 4 and 5, respectively.

In the main effects plot, if the line (represents the grand
mean of S/N ratios with respect to response) for a particular
deposition parameter is nearly horizontal, the parameter
has no significant effect. The highest average S/N ratio
defines the optimal level (encircled) for that deposition

parameter. Therefore, the optimal deposition parameters
for the electrodeposition of In

2
S
3
films are A1, B1, C2,

and D2. On the other hand, a deposition parameter for
which the line has the largest slope has the most significant
effect. It is clear from the main effects plot that deposition
parameter A (deposition voltage) was the most significant
parameter while parameter D (deposition temperature) was
the least significant. In the interaction plots, if the lines are
nonparallel, then there is an interaction between parameters
and if the lines cross, strong interaction occurs. From
Figure 5, it can be seen that there is a strong interaction
between parameters A and B, and there is a moderate inter-
action between parameters A and C and A and D.

4.3. Orthogonal Regression Analysis. Orthogonal regression
equations were formulated for estimating predicted values to
improve stoichiometry over a specified range of deposition
voltage, themost significant factor of all, as shown in Figure 6.
The In

2
S
3
films deposited with these predicted values pro-

duced uniform In
2
S
3
thin films with an average S/In molar

ratio of 1.493 (see Table 6).
Confirmatory experiments with optimal and predicted

values (from the main effect plot for S/N ratios and the
orthogonal regression plot) from Taguchi analysis were
repeatedly performed to verify stoichiometric ratios between
sulfur and indium. The In

2
S
3
films were grown at −0.685V

for 3min in a bath containing 0.1M each of sulfur and
sodium thiosulfate, at a deposition temperature of 160∘C.The
films were uniform and adherent. The stoichiometric ratios
between sulfur and indium from these experiments were in
agreement with predicted values from the Taguchi Method.
The S/In molar ratio was calculated to be 1.49, almost equal
to the ideal S/In molar ratio of 3/2. Table 6 shows the EDS
data for one of the confirmatory experiments. The electrode-
posited In

2
S
3
films produced from these experiments were

approximately 600 nm thick. The thickness of the films was
measured using a surface profilometer from Veeco (Dektak
Model 6M).

However, the In
2
S
3
films exhibited narrow cracks within

1 𝜇m width (see Figure 3(a)).

4.4. X-Ray Diffraction. An X-ray diffractometer from the
Rigaku Corporation (Model D/MAX-B System) was used
for phase identification of the crystalline structure of the
electrodeposited In

2
S
3
films synthesized at optimal values

before and after heat treatment. Figure 7 shows the XRD
plot of an as-grown and then annealed In

2
S
3
film. The film

was annealed in air for 2 hours at 250∘C. It is evident from
the figure that the as-grown In

2
S
3
films exhibited a beta-

phase crystalline structure. The In
2
S
3
peaks were slightly

more narrow and intense for annealed films, which indicated
that the grains were better crystallized.

5. Conclusion

In
2
S
3
films with nearly ideal stoichiometric ratios were

successfully electrodeposited onto Mo-coated glass from an
organic bath. The optimized electrodeposition parameters
obtained by the Taguchi Method were as follows: deposition
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Table 6: EDS data for In2S3 films grown at optimal values obtained by the Taguchi Method (confirmatory results).

Spectrum Atomic %
O Si S Mo In Total S/In

Spectrum 1 6.54 0.0 54.1 3.12 36.2 100.0 1.493
Spectrum 2 0.00 0.0 56.6 8.36 37.5 100.0 1.51
Spectrum 3 0.00 0.0 55.1 7.27 37.5 100.0 1.471
Spectrum 4 14.4 0.0 50.6 2.82 33.7 100.0 1.5
Spectrum 5 0.00 0.0 58.3 0.00 40.5 100.0 1.443
Spectrum 6 0.00 0.0 59.8 0.00 39.9 100.0 1.498
Spectrum 7 4.21 0.0 57.4 0.00 38.3 100.0 1.501
Spectrum 8 0.00 0.0 60.2 0.1 39.7 100.0 1.53
Mean 3.14 0.0 56.5 2.7 37.9 100.0 1.493
Max. 14.4 0.0 60.2 8.36 40.5
Min. 0.00 0.0 50.6 0.00 33.7
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Figure 4: Main effect plot for S/N ratios.

voltage, −0.6V; deposition time, 3min; composition of solu-
tion, 0.1M S + 0.1M Na

2
S
2
O
3
⋅5H
2
O + 0.1M NaCl + 0.05M

InCl
3
; and deposition temperature, 160∘C. The ANOVA

analysis for means and S/N ratios showed that deposition
voltage had the largest impact upon the stoichiometry of
the In

2
S
3
films, and deposition temperature had the least

significant impact. Also deposition voltage and deposition
time showed stronger interaction (largest impact upon the
characteristic performance) between themcompared to other

deposition factors. Furthermore, orthogonal regression anal-
ysis produced plots with a predicted value for deposition
voltage (−0.685V). From the EDS analysis, it was clear that
In
2
S
3
films exhibited nearly ideal stoichiometric molar ratios

between sulfur and indium. The S/In molar ratio calculated
was 1.49, almost equivalent to the ideal S/In molar ratio of
3/2. XRD plots revealed that electrodeposited films exhibit 𝛽-
In
2
S
3
crystalline structures.The In

2
S
3
filmswere uniform and

adherent with approximately 600 nm thickness. Eventually,
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In
2
S
3
films will be combined with electrodeposited CuInS

2

or CdTe films to form heterojunction solar cells.
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This paper report a straightforward approach for the synthesis of CdSe quantumdots (CdSeQDs) in aqueous solution.Thismethod,
performed in homogeneous phase, affords optimal sizes and high quantum yields for each application desired. It is an a la carte
procedure for the synthesis of nanoparticles aimed at their later application. By controlling the experimental conditions, CdSe QDs
of sizes ranging between 2 and 6 nm can be obtained. The best results were achieved in an ice-bath thermostated at 4∘C, using
mercaptoacetic acid as dispersant. Under these conditions, a slow growth of quantum nanocrystals was generated and this was
controlled kinetically by the hydrolysis of SeSO

3

2− to generate Se2− in situ, one of the forming species of the nanocrystal.The organic
dispersant mercaptoacetate covalently binds to the Cd2+ ion, modifying the diffusion rate of the cation, and plays a key role in the
stabilization of CdSe QDs. In optimum conditions, when kept in their own solution CdSe QDs remain dispersed over 4 months.
The NPs obtained under optimal conditions show high fluorescence, which is a great advantage as regards their applications. The
quantum efficiency is also high, owing to the formation under certain conditions of a nanoshell of Cd(OH)

2

, values of 60% being
reached.

1. Introduction

Quantumdots (QDs) are semiconductor nanoparticles (NPs)
that have recently attracted much interest in biological
research because of their unique spectral properties [1–3].
They are composed of elements fromgroups II–VI, III–V, and
IV–VI of the periodic table [4], having amore or less spherical
shape and sizes typically ranging from 1 to 12 nm.They exhibit
unique optical and electronic properties based on a strong
quantum-confinement effect [5, 6]. One of the extraordinary
properties of QDs is that their particle size determines most
of their properties, mainly the wavelength of fluorescence
emission, which can be altered bymanipulating their size [7].
In comparison with traditional organic fluorophores, QDs

have considerable advantages [8], including size-dependent
emission, narrow emission bands, and high luminescence.
Furthermore, the high surface/volume ratio of QDs allows
them to be used for the design of more complex nanosystems
[9]. All the above properties make QDs good fluorescent
markers for biological and biomedical applications, in partic-
ular in cellular imaging [10]. Moreover, they have attracted
great interest for their potential application in electronic
and optoelectronic devices [11, 12]. Strongly luminescent
semiconductor nanocrystals are highly desirable for a large
number of optoelectronic applications, such as light-emitting
diodes (LEDs) [13]. In recent years, intense efforts have
been made in the field of the synthesis and use of photolu-
minescent QDs as markers for biochemical applications in
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bioanalysis, diagnosis, and in in vivo imaging. The different
requirements in each case have resulted in the development
of many different synthesis procedures, widely reported in
the literature. Among the different semiconductor NPs, the
synthesis of CdSe nanocrystals continues to be the field
most widely investigated, mainly because the method of
preparation used affords an exceptional degree of control
over the size and shape of the nanocrystals obtained. High
quality QDs are usually prepared at elevated temperatures in
organic solvents such as tri-𝑛-octylphosphine oxide (TOPO)
or a mixture of TOPO and tri-𝑛-octylphosphine (TOP).
The surfaces of the QDs prepared in an organic phase are
coated with a hydrophobic layer of TOP or TOPOmolecules.
However, these QDs cannot be applied directly in biosystems
owing to the organic nature of their surfaces. Normally, it
is necessary to replace the molecules coating the surface of
the nanoparticle, using time-consuming methods of ligand
exchange that significantly reduce the quantum yield of QDs.
Additionally, it has been found that after ligand exchange
these hydrophilic QDs are not sufficiently stable in aqueous
solution. Some techniques of surface modification aimed at
increasing the hydrophilic character and stability of QDs in
aqueous solution have also been used. This change has often
provided a significant increase in the diameter of the QDs to
close to 20–30 nm. In contrast to organic synthesis, aqueous
synthesis exhibits good reproducibility and low toxicity, and
it is cheap, and—in particular—the products thus prepared
have excellent water solubility, stability, and biological com-
patibility. Despite this, QDs prepared in aqueous phase tend
to have low quantum yields (QY: 3–10%). However, perhaps
owing to excessive haste in obtaining practical results that
would meet the high expectations that will undoubtedly
arise in relation to the use of QDs in biological media, our
knowledge of their structures and chemical behavior (both
of them critical aspects for optimizing the bioconjugation
process) remains somewhat shallow. However, in recent
years, methods for preparing luminescent QDs in aqueous
solution have increased substantially in number due to the
work of Zhang et al. [13, 14], who have made considerable
advances in improving QY. All the results show that synthesis
processes in aqueous media are an attractive alternative to
the synthesis of QDs in organic media and they are now an
important avenue of enquiry.

In the present work we report a simple procedure for the
preparation of CdSe QDs in aqueous solution. By controlling
the experimental conditions, CdSe QDs of sizes ranging
between 2 and 6 nm can be obtained. The best results
were achieved in an ice-bath thermostated at 4∘C, using
mercaptoacetic acid as dispersant. Under these conditions,
a slow growth of quantum nanocrystals was generated and
this was controlled kinetically by the hydrolysis of SeSO

3

2−

to generate Se2− in situ, one of the forming species of the
nanocrystal. This homogeneous phase synthesis allows the
different variables involved in the process to be controlled
in order to obtain optimum sizes and high quantum yields
for each application. It is an a la carte procedure for the
synthesis of the NPs addressed here as regards their future
use.The QDs obtained are stable for more than three months

under the experimental conditions used, maintaining their
high fluorescence.NPs have been characterized by absorption
spectroscopy, fluorescence spectroscopy, and transmission
electron microscopy (TEM). These techniques have allowed
in-depth studies of all the variables affecting their size and
properties in aqueous solution for their possible use as
biomarkers and in other applications of interest.

2. Experimental

2.1. Reagents. All chemical reagents were of analytical grade
and used as purchased. Solutions were prepared with ultra-
high quality deionized water. Cadmium chloride solutions
were prepared by direct weighing of 99% pure anhydrous
CdCl
2
(Acros Organics) and dissolution in water. Aqueous

solutions of anhydrous sodium sulphite, Na
2
SO
3
(Acros

Organics), at different concentrations, were prepared at the
time of use. Seleniumpowder, 99.99%pure (Aldrich), and 1M
sodium hydroxide, NaOH (Scharlau), were included. 10−5M
quinine sulphate solution (Acros Organics) was prepared
by direct weighing and dissolution in 0.5M H

2
SO
4
. Buffer

solutions of pH = 4.00 and pH = 7.00 (Scharlau). Merc-
aptoacetic acid (MAA), HSCH

2
COOH, 98% (Acros Organ-

ics) was included.

2.2. Instrumentation. Fluorescence spectra were measured
using a Shimadzu Model RF-5000 spectrofluorophotometer,
with a Model DR-15 controller unit and a 150W Xenon lamp
as a light source. The slits for the excitation and emission
widths were both 3 nm. The UV-visible absorption measure-
ments of the sampleswere performedon a ShimadzuUV/Vis-
160 spectrophotometer. The pH value of the solutions was
measured with a Crison 501 pHmeter. TEM images were
performed on a ZEISS EM-900 device.

2.3. Synthesis of CdSe Quantum Dots in Aqueous Medium

2.3.1. Preparation and Determination of the Concentration
of Sodium Selenosulphate Solutions. As the Se2− ion source,
solutions of selenosulphate prepared from selenium powder
and sodium sulphite were used and were prepared as follows.
Briefly, 2.5 g of Na

2
SO
3
was added to 100mL of deoxygenated

water. Then, 0.4 g of selenium powder was added, allowing
the reaction to take place at 80∘C in sealed containers
overnight. After this time, the solution was filtered and
a reddish working stock solution was obtained. The final
concentration of SeSO

3

2− was determined gravimetrically by
weighing the solid selenium precipitated in acid medium.
The stability of the SeSO

3

2− solutions over time was found to
persist for at least onemonth, their concentrations remaining
constant. In the experiments carried out during this work,
when the SeSO

3

2− solution reached one month of life, a new
solution was prepared and its concentration was determined.

2.3.2. General Method for the Synthesis of CdSe NPs in
AqueousMedium. The general procedure for obtaining CdSe
nanoparticles in aqueous medium, without specifying the
values of the variables set in each experimental study,
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Figure 1: Characteristic TEM image of CdSe nanoparticles.

employed the following steps: 100mL of a Cd2+ ion solution
was placed in a topaz flask. Under stirring, the desired
amount of a solution of 1.14Mmercaptoacetic acidwas added.
Then, the pH of the solution was adjusted with 1M NaOH.
When it was necessary to work at temperatures higher than
the ambient temperature, this was achieved by controlled
heating. Temperatures lower than ambient temperature were
achieved by introducing the flask with the solution in an ice-
bath (4∘C) and keeping it there during the procedure. After
the working temperature had been reached and N

2
had been

bubbled through the solution, the desired amount of SeSO
3

2−

was added slowly, with stirring, to control the concentration
of Se2− in solution and to avoid supersaturation. The time
of the addition of this reagent ranged between 8 and 10min,
considering this moment as 𝑡 = 0 for the kinetic studies. The
final pH was checked to control for possible modifications.
Periodically, the absorption spectra and the fluorescence
excitation and emission spectra were recorded.

The Se2− ion contribution to the formation of nanopar-
ticles may come from two different routes. One of them
involves the decomposition in basic medium of selenosul-
phate in two stages:

SeSO
3

2−

+OH−  HSe− + SO
4

2− (1)

HSe− +OH−  Se2− +H
2
O (2)

The second one involves the hydrolysis in basic medium of a
complex formed by Cd2+ and selenosulphate:

2SeSO
3

2−

+ Cd2+  [Cd(SeSO
3
)
2

]
2− (3)

[Cd(SeSO
3
)
2

]
2−

+ 2OH−

→ CdSe + SeSO
3

2−

+ SO
4

2−

+H
2
O

(4)

Either way, or both, the fact is that the formation of nanopar-
ticles is controlled by a slow kinetic chemical process similar
to homogeneous phase precipitation processes.

The morphology of the CdSe nanoparticles was studied
with TEM (Figure 1).

2.3.3. Absorption Spectrum. It is possible to obtain the mean
value of the diameter of QDs by applying the Henglein
equation (5), which relates it to the extrapolated wavelength,
𝜆
𝑒
, and it is obtained by tracing the tangent to the absorption

curve on the ascending segment, and it is clearly differenti-
ated from the zero absorbance value:

2𝑅 = 𝑑 =

0.1

(0.138 − 0.0002345 ⋅ 𝜆
𝑒
)

. (5)

Figure 2 shows the procedure. Obtaining the value of 𝜆
𝑒
is

simple for times exceeding 95min, when there is no turbidity
in the solution, and above 500 nm the base line coincides
with 𝐴 = 0, but for lower times turbidity alters the baseline
so the 𝜆

𝑒
value must be obtained from the cut between

the line tangent to the ascending part of the spectrum and
the constant baseline drawn by the value of absorbance at
600 nm, as shown in Figure 2(a).

There is also a procedure for calculating the concentration
of nanoparticles from the absorption spectral data. This
method involves obtaining data by studying the region of
wavelengths where the nanoparticles do not absorb radia-
tion for excitonic processes and behave merely as colloids,
dispersing the radiation as a function of size. In this region
of the spectrum, the molar absorption coefficient of the
nanoparticles, 𝜀CdSe, is independent of their size.

The concentration of colloidal particles and thus nano-
particles can be determined by measuring absorbance at
350 nm (or lower wavelengths) as an indirectmeasurement of
scattered light, using a relationship between two variables that
is dependent on the size.This relationship, previously used by
other researchers [13, 14], which is derived empirically and is
related to the Rayleigh expression (intensity of light scattered
by colloidal particles with a diameter less than the wavelength
of the incident light 𝜆) is expressed in the following:

𝐶CdSe =
𝐴
350

1.438 × 10
29

⋅ (2𝑅)
3

, (6)

where 𝐶CdSe is the concentration of nanoparticles in moles
𝐿
−1; 𝐴
350

is the absorbance value measured at 350 nm; and 𝑅
is the radius of the nanoparticle with a spherical shape.

Assuming the spherical shape of CdSe nanoparticles and
taking into account their diameter the number of molecules
that constitute a single CdSe nanocrystal at each instant can
be calculated with the following expression:

𝑁CdSe =
4Π𝑅
3

3

⋅

𝜌CdSe ⋅ 𝑁0
𝑀CdSe

, (7)

where 𝑁CdSe is the number of CdSe molecules on each
nanoparticle; 𝑅 is the radius of the NP in centimeters; 𝜌CdSe
is the density of CdSe in g cm−3;𝑁

0
is the Avogadro constant

(6.023 × 10
23mol−1), and𝑀 is the molecular weight of CdSe

(191.36 gmol−1).
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Figure 2: Absorption spectra of the CdSe quantum dots in aqueous
solution. Calculating the value 𝜆

𝑒

for a cloudy solution (a) and a
solution without turbidity (b).

Bymultiplying (6) and (7) it is possible to obtain an equa-
tion to calculate themolar concentration of CdSe forming the
nanoparticles:

(6) ⋅ (7) = [CdSe]

=

𝐴
350

1.438 × 10
29

⋅ 𝑅
3

4Π𝑅
3

3

𝜌CdSe ⋅ 𝑁0
𝑀CdSe

= 0.667 × 10
−4

𝑀𝐴
350
.

(8)

2.3.4. Luminescence Spectrum. An important aspect of
nanoparticles is their luminescence behavior. To study this

feature, once the addition of Na
2
SeSO
3
is finished, aliquots

of the solution were collected and placed in the spec-
trofluorometer. The shape of the excitation spectrum affords
information about the state of the surface of the nanoparticles
and its changes with time. The emission spectrum provides
information about the fluorescence emission intensity of
the nanoparticle and the size distribution of nanoparticles
around the average diameter (d), which is related to the full
width at half maximum (FWHM), also called Δ.

Based on measurement of the parameters mentioned
above, a detailed study of the effect of several variables on
the nanoparticle collection process was performed. N

2
must

be bubbled through the solution prior to the addition of
SeSO
3

2−. If this is performed during the formation of the
CdSe nanoparticles, their size would increase and therefore
their concentration in solution would reduce and, as a result,
the fluorescence emission intensity would also decline. The
rate of addition of the SeSO

3

2− solution also affects the size
of the nanoparticles: the higher this rate, the greater the size.
Maintaining stirring after the addition of SeSO

3

2− modifies
the composition of the nanoparticle surface, adversely affect-
ing their luminescence properties. Besides depending on the
concentration of nanoparticles, the fluorescence emission
intensity depends on a process that occurs simultaneously
at the surface. This process may involve the formation of
hydroxylated complexes of cadmium, the formation of a
film or nanoshell of cadmium hydroxide, or both, all of
them affecting the luminescence quantum yield. Maximum
fluorescence intensity is reached when the thickness of
the nanoshell reaches a specific value, related to the mean
diameter of the nanoparticles, there being an optimum ratio
between nanoshell size and the size of the nanoparticle.

3. Results and Discussion

Aprofound knowledge of all the variables allows choice of the
optimal conditions necessary to achieve the desired property
in the nanoparticles for a particular application. Thus, what
type of nanoparticles are we looking for?

In some cases, highly stable nanoparticles, preserved in
their own solution, will be desirable. In other cases, highly
fluorescent nanoparticles will be what we are interested in.
Finally, nanoparticles with a size as small as possible will find
other applications. Here we describe three synthesis methods
that achieve these three objectives individually.

3.1. Synthesis of Highly Stable CdSe Nanoparticles. In this
case, the specific experimental conditions were as follows:
8mL of 5 × 10−2M CdCl

2
was diluted with bidistilled

water up to 100mL. Then, 160𝜇L of mercaptoacetic acid
solution 1.41M was added. The pH of the solution was
adjusted to 4.6 with NaOH and the flask was placed in
an ice-bath until the solution reached 4∘C. At this point,
N
2
was bubbled through for 15min with constant stir-

ring, after which 2.5mL of 0.0892M SeSO
3

2− was added
over another 15min. The solution obtained was stored at
4∘C. Under these conditions, the final molar ratios were
[Cd2+]F/[Se

2−

]F = 1.79; [Cd
2+

]F/[MAA]F = 1.77. The
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Figure 3: Evolution with time of the absorption spectrum of the
highly stable CdSe QDs. From a (𝑡 = 0) to b (𝑡 = 114 days).

absorption spectra were measured at room temperature and
are plotted in Figure 3.

Figure 3 shows the absorption spectrum of the aqueous
solution from which the nanoparticles were obtained and its
evolution with time. The appearance of an absorption band
can be seen, manifesting initially with an inflection zone at
around 350 nm and thereafter evolving to a clear peak at
443.5 nm at 22 hours. This absorption band is due to the
presence of CdSe nanoparticles in which the electrons are
confined quantically, being able to absorb electromagnetic
waves of a given energy to perform electronic transitions
through the hollow bands of the semiconductor. With time,
the absorption band is displaced towards higher wavelength
values and the absorption value of the maximum of the band
does so in the same sense. Both phenomena are related to
the fact that the CdSe nanoparticles evolve with time, as
seen from the increase in their mean diameter and in their
concentration in solution.

The mean diameter changed from 2.1 nm at 𝑡 = 0
to 2.9 nm at 𝑡 = 6 days (Figure 4). This slow evolution
was mainly due to kinetic control of the growth rate by
the hydrolysis process at 4∘C. Following this, there was
a period of more than 70 days during which the CdSe
nanoparticles maintained a fairly constant size. From day
103 the presence of a small yellow precipitate was observed,
and when the solution was homogenized the absorbance
value at the baseline was increased. This phenomenon is
due to the rearrangement of nanoparticles to create insoluble
aggregates, a process that leads to an increase in nanoparticle
size.The fluorescence intensity values are plotted against time
in Figure 4.

As can be seen, the maximum value of fluorescence
intensity was reached on day 29 and remained practically
constant until about day 90, thereafter starting to decline. In
addition to their stability over a long period of time the CdSe
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Figure 4: Evolution with time of the mean diameter (bold line) and
the luminescence intensity (broken line) of the highly stable CdSe
NPs. [Cd2+]F/[Se

2−

]F = 1.79; [Cd
2+

]F/[MAA]F = 1.77, pH = 4.6;
temperature: 4∘C; [Cd2+]F = 3.9 × 10

−3; rendija: 3 nm.

nanoparticles obtained under these experimental conditions
had a relatively high and perfectly measurable fluorescence.

3.2. Obtaining Highly Fluorescent CdSe Nanoparticles. One of
the possible applications of CdSe nanoparticles is their use in
in vivo studies as carriers ofmolecules of biochemical interest,
in which case their effectiveness must be followed through
their luminescence properties. To ensure the sensitivity of
the measurements it is useful to have highly fluorescent
nanoparticles.

In this part of the study, the same synthesis procedure as
that described above was followed, with one difference: the
final concentration of SeSO

3

2− was 1.06 × 10−3M.The molar
ratios of the reagents were as follows: [Cd2+]F/[Se

2−

]F = 3.74;
[Cd2+]F/[MAA]F = 1.77. Because of the excess of Cd2+
ions in solution (compared to selenium ions) in this case the
nucleation rate was higher than the growth rate.

The aim of this experiment was to obtain CdSe nanopar-
ticles that would be as fluorescent as possible and would
retain this property for as long as possible. Accordingly, below
we focus our comments on the luminescence properties of
nanoparticles obtained.

As can be seen in Figure 5, these nanoparticles had a
very high fluorescence intensity, which remained practically
constant between days 22 and 37. It was at this time when the
optimal nanoparticle size/nanoshell size ratio was reached
andwhen the quantumefficiency of the luminescence process
was maximum.

3.3. Preparation of the Smallest Nanoparticles Possible. Size is
an important factor in the ability of nanoparticles to cross the
cell membrane and be effective in their role as drug carriers.
When desired, by controlling the experimental conditions
it is possible to obtain small nanoparticles that will remain
small for long periods of time. As shown previously, the
growth rate of nanoparticles can be controlled kinetically
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by fixing the synthesis temperature at 4∘C and the solution
pH at 4.6. Additionally, the greater the excess of Cd2+ in
solution over SeSO

3

2−, the higher the nucleation rate and
the lower the growth rate. To check these theoretical aspects,
CdSe nanoparticles were obtained under the experimental
conditions of the two previous assays, but with the following
molar ratios: [Cd2+]F/[Se

2−

]F = 5.60; [Cd
2+

]F/[MAA]F =
1.77. The size of CdSe nanoparticles increased from 1.9 nm at
𝑡 = 0 to 2.2 nm at 5 days, but then their size remained smaller
than 2.3 nm for more than 60 days (Figure 6).

Figure 6 shows that the maximum value of fluorescence
intensity was reached at about the same time as in the
previous experiment. In this experiment, the maximum
fluorescence value was slightly lower but remained constant
over a longer period of time.This difference can be attributed
to the amount of mercaptoacetate surrounding the nanopar-
ticles, depending on their size and affecting the stability of the
colloidal system. Apparently, the number of MAA molecules

Table 1: Spectral characteristics of the CdSe nanoparticles from
two different experiments performed under the same experimental
conditions (Experiment A: bold; Experiment B, 23 h later: not bold).

Time 𝐴 𝜆abs 𝑑 FI 𝜆ex 𝜆em

1 hour 2.503 362 2.2 27.64 395 492 A
2.489 360 2.2 22.52 401 491 B

12 days 2.826 388 2.7 168.64 425 497 A
2.853 393 2.7 172.73 425 497 B

62 days 2.937 398 2.8 94.91 432 502 A
2.940 402 2.8 113.28 438 505 B

𝐴: absorption; 𝜆abs: absorption wavelength in nm; 𝑑: mean diameter in nm;
FI: fluorescence intensity in arbitrary units;𝜆ex: excitationwavelength in nm;
𝜆em: emission wavelength in nm.

surrounding one nanoparticle was higher in this experiment
(because of the lowermean diameter), and hence stability was
also higher.

3.4. Reproducibility in the Synthesis Process. One of the
strongest criticisms usually made concerning the methods
used for obtaining crystals, colloids, and nanoparticles is
the lack of reproducibility due to the amount of variables
that influence their synthesis, some of them uncontrolled. In
order to check the reproducibility of the proposedmethod for
the synthesis of CdSe nanoparticles in aqueous media, two
experiments (A and B) were prepared and carried out under
the same experimental conditions, but one of them 23 h later
(B).

After studying the absorption spectra, it was found that
there were no significant differences between the spectra of
either experiment at similar times (Table 1). The size of the
nanoparticles, the wavelength at which the inflection points
appeared, and the maximum absorption value were similar
for similar times.

However, reproducibility in the size and concentration
of the 𝐶CdSe nanoparticles obtained in two similar and
parallel experiences is not sufficient to demonstrate the
reproducibility of the method of synthesis. As demonstrated
previously, the state of the surface of the nanoparticles is
critical for explaining the luminescence properties. The only
way to check that the surface is reproducible is to record the
luminescence properties of the nanoparticles. By comparing
the emission spectra of the nanoparticles for similar times, it
is possible to check the reproducibility of the surface. Neither
the optimal 𝜆em nor the value of fluorescence intensity
differed significantly (Table 1).

The proposed method for preparing CdSe nanoparticles
in aqueous medium showed good reproducibility.

4. Conclusions

We have developed a simple, easy, and cheap method for
obtaining CdSe nanoparticles. Synthesis is performed in
an aqueous medium and this solves one of the drawbacks
of synthesis in organic media, namely, the later stage of
solubilization in aqueous media, which sometimes alters not
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only the size of the nanoparticles but also their luminescence
properties. By controlling the experimental conditions, CdSe
quantum dots of sizes ranging between 2 and 6 nm can be
obtained.

We achieved a very slow nanocrystal growth rate due
to the kinetic control of the low temperature (4∘C), which
controls SeSO

3

2− hydrolysis to generate Se2−. Thus, the
method can be referred to as the in situ and homogeneous
phase generation of nanocrystal-forming Se2− species.
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The synthesis of nanoparticles with inhibitory and bactericidal effects represents a great interest in development of new materials
for biological applications. In this paper we present for the first time the synthesis of Ca

10−𝑥
Sm
𝑥
(PO
4
)
6
(OH)

2
nanoparticles at

low temperature and primary tests concerning the adherence of Enterococcus faecalis ATCC 29212 (gram-positive bacteria). All
the XRD peaks were indexed in accordance with the hexagonal HAp in P63m space group. The EDAX spectrum and elemental
mapping of O, P, Ca, and Sm demonstrate that all the elements were homogeneously distributed in Ca

10−𝑥
Sm
𝑥
(PO
4
)
6
(OH)

2
with

𝑥Sm = 0.03.The peaks at 347.3 eV, 532.1 eV, and 133.8 eV in the XPS spectra can be attributed to the binding energy of Ca 2p, O 1s, and
P 2p.The peak at 1084.4 eV observed in Ca

10−𝑥
Sm
𝑥
(PO
4
)
6
(OH)

2
was attributed to the Sm 3d

5/2
. Bacterial adhesion was reduced on

Ca
10−𝑥

Sm
𝑥
(PO
4
)
6
(OH)

2
sample when compared to pure HAp (𝑥Sm = 0) and significant differences in bacterial adhesion on pure

HAp (𝑥 = 0) and Sm:HAp (𝑥Sm = 0.01, 𝑥Sm = 0.03, and𝑥Sm = 0.1) were observed. The bacterial adhesion decreased when the
samarium concentrations increased. Finally, we demonstrate that the Sm:HAp nanopowder with 𝑥Sm > 0 showed high antibacterial
activity against Enterococcus faecalis ATCC 29212.

1. Introduction

In the past decades scientists worldwide have tried to find
new solutions for improving treatments used for different
bone related diseases and injuries. Their attention has been
focused to the field of biomaterials in order to create and
develop new and improved materials for tissue engineering
[1–3]. Among these materials, hydroxyapatite (HAp) is one
of the most commonly used for bone implants [4–9] or it
is a drug release system [4, 10–15]. Moreover, it has been
shown that it is also a good candidate for the role of adsorbent
in column chromatography, in order to separate and purify
nucleic acids and proteins [3, 16, 17]. It is possible to use
hydroxyapatite for a large number of applications in the
biomedical field due to its remarkable properties, such as
biocompatibility, bioactivity, and osteoconductivity [4, 18–
21]. In live tissue, HAp is the major mineral component of
human bones and teeth [4, 22, 23]. Various factors, such

as grain size, morphology, surface area, and microporosity
[24–26], must be taken into account when developing the
biomaterial. Therefore, in order to improve the properties
of HAp (for its use in different bone tissue applications),
researchers have developed various methods of obtaining
new compounds based on HAp doped with different rare-
earth (RE) ions [24, 27].The choice for lanthanides as doping
agents has been made due to their high bioactivity and their
ability to substitute calcium ions in structured molecules
[24, 28–30]. It has been reported that lanthanides have been
previously used in the biomedical field as contrast agents
for magnetic resonance imaging and as luminescent probes
for biosensors used for various in vivo imaging applications
[24, 28, 29, 31], due to their narrow emission bands and
long emission lifetime [24, 32, 33]. Among the rare-earth
elements, samarium (Sm) is a good candidate for different
radiation therapies used for cancer treatments. Formore than
a decade, 153Sm isotopes have been used for cancer radiation
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treatments [4, 34, 35] which are now administered clinically
to patients that have symptomatic bone metastases from dif-
ferent types of cancer, mostly prostatic and breast carcinoma,
for pain alleviation [4, 34–37]. In addition, different new
studies have used 153Sm-hydroxyapatite particles as radiation
synovectomy agent in the treatment of chronic synovitis [38–
41], especially knee synovitis [38, 39]. Radiation synovectomy
is a method used to alleviate the pain of patients suffering
from swelling of rheumatoid arthritis [42]. Furthermore,
anothermajor problemencountered in themedical field is the
inflammation of the synovial membrane caused by prosthetic
joint infections (PJI) [43] which could also be treated by
radiation synovectomy. The procedure involves an intra-
articular injection of the beta-emitting radiopharmaceutical
into the joint space. Once the radionucleide decays, the
regenerating synovium starts to be irradiated [41]. Therefore,
the 153Sm-hydroxyapatite particles are better candidates for
this type of treatment than other compounds based on Y-
90 due to the shorter half-life of 153Sm and the lower extra-
articular leakage of 153Sm-hydroxyapatite [39]. Furthermore,
it has been shown that 153Sm emits 𝛽 rays with a small
tissue penetration (0.8mm), more that 99% of the 153Sm
being bound to the hydroxyapatite in vivo [44]. According
to a clinical study made by Brazilian researchers after one
year of treatment based on 153Sm-hydroxyapatite on patients
suffering from haemophilic arthropathy, it was established
that this treatment is effective for several types of joints.They
obtained good results for 75% of elbows, 87.5% of ankles, and
40% of knees [45].

The prior studies have focused on preparation and
characterization of complexes of europium (III) metal ion
with organic reagents [46]. On the other hand, previous
studies concerning the antibacterial and antifungal activity of
ligand and its metal complexes tested against gram-positive
and gram-negative bacteria, yeast, and fungi show that the
complexes are more potent antimicrobials than the parent
ligand [47–49].

The studies on the preparation, physicochemical charac-
terization, and biological properties of the samarium doped
hydroxyapatite (Sm:HAp) powders are absent in the litera-
ture. In this paper we present for the first time a method
to synthesize the nanocrystalline hydroxyapatite doped with
samarium at low temperature. Physicochemical characteriza-
tion and antimicrobial studies on the Sm:HAp nanopowder
are also presented for the first time.The results obtained sug-
gest that the new obtained material, 153Sm-hydroxyapatite,
could be a good candidate for treating the inflamed and
damaged synovial membrane of the joint encountered in the
case of prosthetic joint infections.

The Ca
10−xSmx(PO4)6(OH)

2
powders were synthesized

by coprecipitation method at low temperature, mixing
Sm(NO

3
)
3
⋅6H
2
O, Ca(NO

3
)
2
⋅4H
2
O, and (NH

4
)
2
HPO
4
in

deionized water. The structure, morphology, and vibrational
properties of the obtained samples were studied by X-ray
diffraction (XRD), scanning electronmicroscopy (SEM), and
Fourier transform infrared spectroscopy (FT-IR). In order
to reveal the presence of the samarium in the Sm:HAp
nanopowder with 𝑥Sm = 0.01, 0.03, and 0.1, the X-ray

photoelectron spectroscopy (XPS) results are also presented.
In addition, the preliminary antibacterial activity of the
Ca
10−xSmx(PO4)6(OH)

2
nanopowder with 𝑥Sm = 0.01, 0.03,

and 0.1 is reported.

2. Experimental Section

2.1. Sample Preparation. All the reagents used for the synthe-
sis, including ammonium dihydrogen phosphate [(NH

4
)
2

HPO
4
], calcium nitrate tetrahydrate [Ca(NO

3
)
2
⋅4H
2
O], and

Samarium(III) nitrate hexahydrate Sm(NO
3
)
3
⋅6H
2
O (Sigma-

Aldrich), were purchased without further purification.
Nanocrystalline hydroxyapatite doped with Sm,

(Ca
10−xSmx(PO4)6(OH)

2
, with 𝑥Sm = 0 to 𝑥Sm = 0.1 was ob-

tained by setting the atomic ratio of Sm/[Sm+Ca] from 0%
to 10% and [Ca+Sm]/P as 1.67. The Sm(NO

3
)
3
⋅6H
2
O and

Ca(NO
3
)
2
⋅4H
2
O were dissolved in deionised water to obtain

300mL [Ca+Sm] containing solution. On the other hand,
the (NH

4
)
2
HPO
4
was dissolved in deionised water to make

300mL P-containing solution. The [Ca+Sm] containing
solution was put into a Berzelius and stirred at 100∘C for 30
minutes. Meanwhile, the pH of P-containing solution was
adjusted to 10 with NH

3
and stirred continuously for 30

minutes. The P-containing solution was added drop by drop
into the [Ca+Sm] containing solution and stirred for 2 h,
the pH being constantly adjusted and kept at 10. After the
reaction, the deposited mixtures were washed several times
with deionised water. The resulting material (Sm:HAp) was
dried at 100∘C. The scheme of the present study is presented
in Figure 1.

2.2. Sample Characterization. The X-ray diffraction mea-
surements of Ca

10−xSmx(PO4)6(OH)
2
samples were recorded

using a Bruker D8 Advance diffractometer, with nickel fil-
teredCuK

𝛼
(𝜆= 1.5418 Å) radiation and a high efficiency one-

dimensional detector (Lynx Eye type) operated in integration
mode.The diffraction patterns were collected in the 2𝜃 range
15∘–140∘, with a step of 0.02∘ and 34 smeasuring time per step.

The scanning electron microscopy (SEM) study was per-
formed on a HITACHI S2600N-type microscope equipped
with an energy dispersive X-ray attachment (EDAX/2001
device). Energy dispersive X-ray analysis, referred to as EDS
or EDAX, was used to identify the elemental composition of
materials.

The functional groups present in the prepared nanoparti-
cles and thin films were identified by FTIR using a Spectrum
BX spectrometer. In order to obtain the nanoparticles spectra,
1% of nanopowder was mixed and ground with 99% KBr.
Tablets of 10mm diameter were prepared by pressing the
powder mixture at a load of 5 tons for 2min. The spectrum
was taken in the range of 500 to 4000 cm−1 with 4 cm−1
resolution.

X-ray photoelectron spectroscopy (XPS) studies were
conducted using a VG ESCA 3MK II XPS installation (𝐸

𝑘𝛼
=

1486.7 eV). The vacuum analysis chamber pressure was P ∼ 3
× 10−8 torr. The XPS recorded spectrum involved an energy
window 𝑤 = 20 eV with the resolution 𝑅 = 50 eV with 256
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Nanocrystalline hydroxyapatite doped with 
samarium at low temperature

X-ray diffraction
(XRD)

Antibacterial activity

Sample characterization Fourier transform infrared spectroscopy 
(FT-IR)

X-ray photoelectron spectroscopy
(XPS)

Scanning electron microscopy 
(SEM)

Energy dispersive X-ray analysis 
(EDAX)

Effective alternative treatment Radiation synovectomy Prosthetic joint infection

Ca(NO3)2·4H2O + Sm(NO3)3·6H2O (NH4)2HPO4

Figure 1: Schematic representation of preparation and evaluation of new antimicrobial Sm:HAp ceramics.

Table 1: Lattice parameters of Sm doped hydroxyapatite and crystallite sized.

Samples 𝑎-axis (Å) 𝑐-axis (Å) Unit cell volume (Å) Crystallite size𝐷 (nm)
𝑥
𝑆𝑚
= 0.01 9.4195 6.8857 528.8875 18.14

𝑥
𝑆𝑚
= 0.03 9.4299 6.8864 529.9895 17.53

𝑥
𝑆𝑚
= 0.1 9.4398 6.8897 531.5923 12.67

recording channels. The XPS spectra were processed using
Spectral Data Processor v 2.3 (SDP) software.

In order to test the in vitro antibacterial activity, the
strains of bacteria used were Enterococcus faecalis ATCC
29212. The bacteria were grown overnight in Todd-Hewit
broth supplemented with 1% yeast extract at 37∘C, followed
by centrifuging. The supernatants were discarded and pel-
lets were resuspended in phosphate-buffered saline (PBS)
followed by a second centrifuging and resuspension in PBS.
The samples to be tested were placed in 50mL sterilized tubs
followed by the addition of 2mL of the bacterial suspension.
The tubes were incubated at 3∘C for 4 h. At the end of
the incubation period, the samples were gently rinsed three
times with PBS. The nonadherent bacteria were eliminated.
After washing, the samples were then put into a new tube
containing 5mL PBS and vigorously vortexed for 30 s to
remove the adhering microorganisms. The viable organisms
in the buffer were quantified by plating serial dilutions
on yeast extract agar plates. Yeast extract agar plates were
incubated for 24 h at 3∘C and the colony forming units were
counted visually.

3. Results and Discussions

In Figure 2 the XRD patterns of the synthesized Ca
10−xSm𝑥

(PO
4
)
6
(OH)
2
nanopowders with 𝑥Sm = 0.01, 0.03, and 0.1

are shown. Good pattern fit of the synthetized Sm:HAp
structures was determined using the Rietveld method imple-
mented in the software package Materials Analysis Using

In
te

ns
ity

 (a
.u

.)

0.03

0.01

20 30 40 50 60

2𝜃 (∘)

ICDD-PDF numbers 9-432

xSm =

xSm =

xSm =

0.1

Figure 2: XRD patterns of Ca
10−xSm𝑥(PO4)6(OH)

2
nanopowders

with 0.01 ≤ 𝑥Sm ≤ 0.1.

Diffraction (MAUD) [50] by applying the Popa approach for
the anisotropic microstructure analysis [51] implemented in
the MAUD as “Popa rules.”

The XRD patterns of the Sm:HAp nanopowders with 𝑥Sm
= 0.01, 0.03, and 0.1 appeared to be identical, regardless of
the Sm content in the samples. Sm doped hydroxyapatite
exerted no effect on the phase composition of pure HAp.
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(a)
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(b)
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Figure 3: SEM images of samarium doped hydroxyapatite (Sm:HAp) powders with 𝑥Sm = 0.01, 𝑥Sm = 0.03, and 𝑥Sm = 0.1.
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Figure 4: EDX spectrum and element maps of oxygen, phosphorus, calcium, and samarium (for the powders with 𝑥Sm = 0.03).

No secondary phases than those associated with HAp were
detected. All the XRD peaks were indexed in accordance
with the hexagonal HAp in P

63m space group (JCPDS card
number 9-432). On the other hand, no change took place in
the symmetry of the HAp crystallographic unit cell.

In the XRD spectra of the Sm:HAp powders, the diffrac-
tion peak intensities were reduced and the peak shapes
were broadened when the Sm concentration increased. The
broadened peaks when Sm concentration increased in the
Sm:HAp samples are attributed to the small grain size.
However, small variations of lattice constants and crystallite
size were observed when the samarium content increases as
it can be seen in Table 1.

Typical particle morphology of the Sm:HAp (𝑥Sm =
0.01, 𝑥Sm = 0.03 and 𝑥Sm = 0.1.) samples are shown in
Figure 3. The surface morphology investigated by scanning
electron microscopy reveals that the particles have a small,
long morphology, coexisting with agglomerates. The results
suggest that the doping of Sm has little influence on the
morphology of Sm:HAp samples.

In order to investigate the uniformity of the element
distribution in Sm:HAp samples, the EDX mapping tech-
nique was used. Figure 4 shows the EDAX spectrum and
elemental mapping of O, P, Ca, and Sm and demonstrates
that all the elements were homogeneously distributed in
Ca
10−xSm𝑥(PO4)6(OH)

2
with 𝑥Sm = 0.03. On the other hand,

the purity of the synthetized powders was also demonstrated.
Similar results regarding the homogenous distribution of O,
P, Ca, and Sm in the Sm:HAp samples were obtained for all
the analysed samples.

FT-IR spectroscopywas performed in order to investigate
the functional groups present in the nanohydroxyapatite,
Ca
10−xSm𝑥(PO4)6(OH)

2
(𝑥Sm = 0.01, 𝑥Sm = 0.03, and 𝑥Sm =

0.1) samples. In Figure 5 the FT-IR spectra of samarium
doped hydroxyapatite with various concentration are pre-
sented.

In the FT-IR spectra, the presence of [OH]− vibration
peak at 632 cm−1 could be observed for all the samples
[52]. This band arises from stretching vibrational mode of
[OH]−. According to Markovic et al. [53], the sharpness of
bands, especially sharpness of the 632 cm−1, 603 cm−1, and
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Figure 5: FT-IR spectra of samarium doped hydroxyapatite
(Sm:HAp) with 𝑥Sm = 0, 𝑥Sm = 0.01, 𝑥Sm = 0.03, and 𝑥Sm = 0.1.

567 cm−1 bands, indicates a well-crystallized HAp. The band
at 470 cm−1 is assigned to the V

2
[PO
4
]3− [54]. The vibration

peaks in the regions 1600–1700 cm−1 and 3200–3600 cm−1
correspond to H–O–H bands of lattice water. The character-
istic bands for carbonate are presented in the spectral regions
1400–1600 cm−1 (V

3
: asymmetric stretch vibration) and 873–

880 cm−1 (V
2
: out-of-plane bend vibration). In addition, a

weak band for the stretch vibration of structurally bound
OH may be present in Sm:HAp samples near 3572 cm−1.
Generally, it is difficult to distinguish between HPO

4

2− and
CO
3

2− groups due to the overlapping of the characteristic
peaks around 870 cm−1 [55, 56].

The bands at around 1097 cm−1 and about 1037 cm−1 can
be attributed to the V

3
[PO
4
]3−, while the band at 962 arises

from V
1
[PO
4
]3−. The 603 cm−1 and 567 cm−1 bands appear

from V
4
[PO
4
]3− [57, 58]. In the FT-IR spectrum (Figure 5)

the bands corresponding to the V
3
vibration of C–O were

observed at 1456 cm−1, characteristic of the carbonate group
[59, 60].

Also, in Figure 5 we observed that the contribution of the
area that corresponds to the phosphate bands decreases when
the samarium concentration in the samples increases. The
bands at 632 and 962 cm−1 progressively disappear with the
increase of samarium concentration. When 𝑥Sm = 0.1 these
bands are almost absent.

Furthermore, in agreement with the results already
reported in the literature, it can be observed that the use of
samarium as doping agent does not induce the appearance of
other peaks [61–63].

The XPS analysis has been used to obtain the qualitative
determination of the surface components and composition
of the samples. Figure 6 shows the survey of XPS narrow
scan spectra of the as-prepared Ca

10−𝑥
Sm
𝑥
(PO
4
)
6
(OH)
2
with

𝑥Sm = 0.01 (a), 𝑥Sm = 0.03 (b), and 𝑥Sm = 0.1 (c) nanopowder

samples. Concerning the binding energies in the pure HAp,
the peaks at 347.3 eV, 532.1 eV and 133.8 eV can be attributed
to the binding energy of Ca 2p, O 1s and P 2p, confirming
the presence of apatite groups [64–66].The peak at 1084,4 eV
observed in Ca

10−𝑥
Sm
𝑥
(PO
4
)
6
(OH)
2
was attributed to the

Sm 3d
5/2

, consistent with the normal oxidation state of
Sm3+, because the binding energy of core level for Sm

2
O
3
is

generally observed at 1083.2 eV [65].
The peaks associated to Ca, P, and O states presented

in Figure 6 were the same in the Sm:HAp samples with
different Sm3+ concentrations (𝑥Sm = 0.01 (a), 𝑥Sm = 0.03 (b),
and 𝑥Sm = 0.1 (c)). This showed that the increasing of the
concentration of Sm did not change the binding energy
assigned to Ca 2p, O 1s, and P 2p presented in Sm:HAp
samples. For XPS analysis, the binding energies were cal-
ibrated with reference C 1s at 285 eV. By combination of
XRD results, it can be concluded that these signals can be
assigned to Sm:HAp nanopowder. XPS results provided the
additional evidence for the successful doping with Sm3+ in
Sm:HAp.

In agreement with previous studies [52, 57, 67], the lumi-
nescence, magnetic, and nuclear properties of the ceramics
can be improved by doping themwith lanthanides. According
to [68], the biocompatibility and valuable biological prop-
erties of samarium were proved by their use in drugs to
regulate blood clotting present during the process of wound
healing. Knowing that lanthanides (III) have an interesting
biological role but not well known, preliminary antimicrobial
tests were performed on samples of hydroxyapatite doped
with samarium.

Figure 7 shows the results of viable bacteria adhering to
the 5, 15, 25, and 50 𝜇g/mL of Ca

10−xSmx(PO4)6(OH)
2
(𝑥Sm =

0.01, 𝑥Sm = 0.03, and 𝑥Sm = 0.1) when exposed to Enter-
ococcus faecalis ATCC 29212. Bacterial adhesion was reduced
on Ca

10−xSmx(PO4)6(OH)
2
sample when compared to pure

HAp (𝑥Sm = 0) and significant differences in bacterial
adhesion on pure HAp (𝑥 = 0) and Sm:HAp (𝑥Sm = 0.01,
𝑥Sm = 0.03, and 𝑥Sm = 0.1) were observed. We observed
that the bacterial adhesion decreased when the samarium
concentrations increased.

In this preliminary antimicrobial studieswe observed that
the Sm:HAp nanopowders have significantly lower adhesion
of Enterococcus faecalis ATCC 29212, suggesting that the
Sm:HAp nanopowders are antibacterial. In the future, the
effect of samarium doped hydroxyapatite on other bacterial
strains will be evaluated and these strains will be selected
depending on the field of applications. The influence of the
size of Sm:HAp nanoparticles on bacterial strains will be also
studied.

The recent studies [69, 70] suggest that risk of infections
in actual treatment of prosthetic infections is a major prob-
lem. In the patient treatment with hip or knee prosthetic
infections it is noteworthy that infections with gram-negative
bacilli or a fungus are contraindications. In this context,
to optimize patient treatment with prosthetic infections the
creation of new materials with antimicrobial properties is
very important [71, 72]. In conclusion, it can be said that
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Figure 6: XPS general spectrum of Ca
10−𝑥

Sm
𝑥
(PO
4
)
6
(OH)

2
with 𝑥Sm = 0.01 (a), 𝑥Sm = 0.03 (b), and 𝑥Sm = 0.1 (c) powders. XPS narrow scan

spectra of Sm element are presented for all the samples.

the new bioceramic Sm:HAp with antimicrobial properties
may be a candidate with a good outcome in prosthetic joint
infection and bone-targeting drug delivery system.

4. Conclusions

In this short work, the emphasis was placed on the synthesis
at low temperature by a simple method of pure Sm:HAp
nanopowder with efficient antimicrobial activity.

TheXRD studies have shown that the characteristic peaks
of Sm:HAp nanopowders appeared to be identical regardless
of the Sm content in the samples. All the XRD peaks were
indexed in accordance with the hexagonal HAp in P

63m space
group (JCPDS card number 9-432) and no other secondary
phases were detected. The functional groups present in
nanohydroxyapatite samples, Ca

10−𝑥
Sm
𝑥
(PO
4
)
6
(OH)
2
(𝑥Sm

= 0.01, 𝑥Sm = 0.03, and 𝑥Sm = 0.1), were investigated by
FT-IR spectroscopy. It has been observed that the use of
samarium as doping agent does not induce the appearance
of other peaks. FTIR spectra of the Sm:HAp samples show
only the absorption bands characteristic to hydroxyapatite.
A small long morphology was remarked for all the Sm:HAp
nanopowder samples by SEM. The doping of Sm has little
influence on the morphology of Sm:HAp samples. The
presence and uniform distribution of samarium in the
nanopowder samples were confirmed by elementalmaps.The
EDX spectrum of Sm:HAp confirms the presence of calcium
(Ca), phosphorus (P), oxygen (O), and samarium (Sm) in all
the synthetized samples. The successful doping of Sm3+ in
Sm:HAp was also emphasized by XPS results.

The inhibition of Enterococcus faecalis ATCC 29212
bacteria increased when the samarium concentrations in
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Figure 7: Adherence of Enterococcus faecalis ATCC 29212 on
different concentrations of Ca

10−xSmx(PO4)6(OH)
2
(𝑥Sm = 0.01, 𝑥Sm

= 0.03, and 𝑥Sm = 0.1) nanopowders compared to pure HAp (𝑥Sm =
0) nanopowders.

Ca
10−𝑥

Sm
𝑥
(PO
4
)
6
(OH)
2
increased from 𝑥Sm = 0.01 to 𝑥Sm =

0.1. Our studies have shown that the Ca
10−𝑥

Sm
𝑥
(PO
4
)
6
(OH)
2

(𝑥Sm = 0.01, 𝑥Sm = 0.03 and 𝑥Sm = 0.1) exhibited greater
antimicrobial activity compared to the pure HAp (𝑥Sm = 0).
This will be significant for further antimicrobial studies of
Ca
10−𝑥

Sm
𝑥
(PO
4
)
6
(OH)
2
on various gram-positive and gram-

negative bacteria as well as fungi.
In conclusion, this study on new bioceramic Sm:HAp

with antimicrobial propertiesmay present a solution in bone-
targeting drug delivery system and prosthetic joint infection.
On the other hand, Sm:HAp bioceramics can be used as
antimicrobial coatings in various applications.
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Undoped and Ce doped Bi
2
MoO
6
samples were synthesized by hydrothermal reaction at 180∘C for 20 h. Phase, morphology, atomic

vibration, and optical properties were characterized by X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
Raman spectrophotometry, Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), selected area electron diffraction (SAED), and UV-visible spectroscopy. In this research, the products
were orthorhombic Bi

2
MoO
6
nanoplates with the growth direction along the [0b0], including the asymmetric and symmetric

stretching and bending modes of Bi–O andMo–O. Undoped and Ce doped Bi
2
MoO
6
samples show a strong absorption in the UV

region.

1. Introduction

Aurivillius family of structurally related oxides with chemical
formula of Bi

2
A
𝑛−1

B
𝑛
O
3𝑛+3

(A = Ca, Sr, Ba, Pb, Bi, Na, K,
and B = Ti, Nb, Ta, Mo, W, and Fe) was originally attractive
material due to its layered structure and unique properties [1,
2].Theperovskite-type blocks lead to variable layers along the
𝑐-axis due to the integer 𝑛 with 𝑛 = 0, 1, 2, 3, 4, 5 and a typical
“mica-like” two-dimensional structure [1]. Bi

2
MoO
6
with

narrow band gap of 2.9 eV is a typical Aurivillius phase with
its structure consisting of perovskite layers (A

𝑛−1
B
𝑛
O
3𝑛+1
)
2−

between (Bi
2
O
2
)2+ bismuth oxide layers, with a general

formula [Bi
2
O
2
] [A
𝑛−1

B
𝑛
O
3𝑛+1

] [3, 4]. Bi
2
MoO
6
is an inter-

esting material due to its unique physical properties for
solar energy conversion, ion conduction, and photocatalysis
for water splitting under visible-light irradiation and gas

sensors [1, 2]. Various synthetic methods for this mate-
rial have been reported such as hydrothermal/solvothermal
[1, 3, 5], aerosol-spraying [4], coprecipitation [6], thermal
evaporation [7], and hard-template method [8]. Recently,
rare earth dopants have been excessively applied to modify
optical properties of nanomaterials due to their possible
transition of 4f electron configuration. Among them, cerium
is one of the most interesting dopants due to its different
electronic structure betweenCe3+ (4f15d0) andCe4+ (4f05d0),
leading to different optical properties. It generates oxygen
vacancies and bulk oxygen species, which have relatively high
mobility. Thus they are more active for oxidation processes
[9, 10].

In this paper, 0–3% Ce doped Bi
2
MoO
6
crystallites were

successfully synthesized by the hydrothermal process. Phase,
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Figure 1: XRD patterns of the undoped, 1% Ce doped. and 3% Ce doped Bi
2
MoO
6
samples synthesized by hydrothermal reaction at 180∘C

for 20 h.

morphologies, and optical properties of the undoped and Ce
doped Bi

2
MoO
6
crystallites were intensively investigated.

2. Experimental Procedures

All the reagents were of analytical grade and used as
receivedwithout further purification. In a typical experiment,
0.5mmol Na

2
MoO
4
⋅2H
2
O and 1mmol Bi(NO

3
)
3
⋅5H
2
Owere

dissolved in 60mL deionized water to form solution A under
20minmagnetic stirring at room temperature. Concurrently,
1 and 3% by weight Ce(NO

3
)
3
⋅6H
2
O were dissolved in

40mL deionized water each to form solution B under 20min
magnetic stirring at room temperature. Then, solution B was
slowly added to solution A to form homogeneous solutions
with further stirring for 30min. Each solution of both with
and without Ce3+ dopants was adjusted the level of acid or
alkali until reaching at the pH of 10 using 3MNaOH, poured
into each of stainless steel autoclave with a Teflon liner, and
heated at 180∘C for 20 h. At the conclusion of the process, the
autoclaves were cooled to room temperature. The products
were separated centrifugally, washed with deionized water
and absolute ethanol several times, and dried at 80∘C for 12 h.

The phase of the samples was characterized by X-
ray diffraction (XRD) using a Philips X’Pert MPD X-ray
diffractometer with CuK

𝛼
irradiation at 𝜆 = 1.5406 Å. The

surface morphology was investigated by field emission scan-
ning electron microscope (FE-SEM, JEOL JSM 6335F) and
transmission electron microscope (TEM, JEOL, JEM2100)
operated at the accelerating voltage of 35 and 200 kV,
respectively. Raman and FTIR spectra were recorded on
HORIBA JOBIN YVON T64000 Raman spectrometer with
50mWand 514.5 nmwavelengthAr green laser and BRUKER
TENSOR27 Fourier transform inferred (FTIR) spectrometer
with KBr as a diluting agent and operated in the ranges
of 100–1,000 cm−1 and 400–4,000 cm−1, respectively. X-ray

photoelectron spectroscopy (XPS) of the products was car-
ried out via an Axis Ultra DLD, Kratos Analytical Ltd., with a
monochromatedAl K

𝛼
(1486.6 eV) radiation as the excitation

source at 15 kV. All obtained spectra were calibrated to a C1s
electron peak at 285.1 eV. UV-visible absorption spectra of
an ethanol suspension of 0–3% Ce doped Bi

2
MoO
6
samples

were recorded under a Lambda 25, Perkin Elmer UV-visible
spectrophotometer.

3. Results and Discussion

The typical XRD patterns as shown in Figure 1 reveal the
phase and purity of the as-obtained 0–3%Ce doped Bi

2
MoO
6

samples. All peaks of the undoped and Ce doped Bi
2
MoO
6

samples were specified as the single phase orthorhombic
Bi
2
MoO
6
structure (JCPDS card number 73-2020 [11]). The

presence of sharp and intense peaks confirmed the formation
of highly crystalline nanomaterials. Furthermore, the absence
of any impurity related peaks indicates that Ce3+ ions were
successfully doped into Bi

2
MoO
6
nanostructure. However,

the intensity ratio of the (060) peak to the (131) peak of
3% Ce doped Bi

2
MoO
6
sample is 1.66, obviously larger than

the undoped Bi
2
MoO
6
which is equivalent to 0.60 [12].

This important result indicates that the crystal has special
anisotropic growth along the [0b0] direction.

The morphology and particle sizes of the Ce doped
Bi
2
MoO
6
with different contents of Ce ions were investigated

by SEM as shown in Figure 2. It can be seen that the
samples were comprised of a large number of nanoplates with
diameters ranging between 0.1 and 0.3 𝜇mand<100 nm thick.
The surfaces of these nanoplates are smooth. Interestingly,
when the samples were doped by different Ce concentrations,
Ce doped Bi

2
MoO
6
are still to be nanoplates. These show

that Ce doping concentration had little effect on the shape
of the products. Clearly, morphology and particle sizes of
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Figure 2: SEM images of the nanostructured ZnO of (a) undoped Bi
2
MoO
6
, (b) 1%Ce doped Bi

2
MoO
6
, and ((c), (d)) 3%Ce doped Bi

2
MoO
6
.

the Ce doped Bi
2
MoO
6
nanoplates were consistent with pure

Bi
2
WO
6
.

More information of the structure was obtained by
TEM observation as shown in Figure 3. It confirms that the
undoped Bi

2
MoO
6
nanoplates have an average diameter of

about 0.2𝜇m, in accordance with the SEM analysis. Obvi-
ously, some of lighter color parts can be seen, due to the differ-
ence in the contrast in TEM, mainly related to the difference
in thickness of the samples. Furthermore, the 3% Ce doped
Bi
2
MoO
6
sample was composed of square nanoplates with

∼100 nm thick edge. The selected area electron diffraction
(SAED) patterns clearly demonstrate the single crystalline
nature of the nanoplates. Interestingly, the SAED patterns
taken on the whole single nanoplate show single crystalline
patterns with sharp diffraction bright spots, giving the [100]
zone axis character of orthorhombic Bi

2
MoO
6
. Based on

the above XRD results, it is reasonable to conclude that the
nanoplates preferentially grew along the [010] direction.

The chemical composition of 3% Ce doped Bi
2
MoO
6

nanoplates was investigated by XPS spectroscopy as shown
in Figure 4 and was calibrated using C1s peak at 285.1 eV.The
Bi4f peaks of the 3% Ce doped Bi

2
MoO
6
nanoplates appear

at 159.52 eV of 4f
7/2

and 164.80 eV of 4f
5/2

, corresponding to
Bi3+ [4, 13–15]. Additional weak spin-orbit doublet peakswith
binding energy of 157.92 eV for Bi 4f

7/2
and 163.40 eV for Bi

4f
5/2

are also detected, suggesting that some of bismuth exist
as the (+3−𝑥) valence state [16]. Probably, the Bi(+3−𝑥) formal
oxidation state could be attributed to the substoichiometric
phase within the microsized plates [16]. The production

of lower oxidation state results in the presence of oxygen
vacancies inside. The Mo3d spectrum showed spin-orbit
splitting of the Mo3d levels at 232.84 eV and 236.00 eV,
corresponding to the 3d

5/2
and 3d

3/2
orbitals [4, 13, 17, 18].The

spin-orbit splitting between Mo3d
5/2

and Mo3d
3/2

signals of
Ce doped Bi

2
MoO
6
nanoplates was set to 3.16 eV which are

consistent with the previous reports [17]. However, single
spin-orbit doublets showed peaks with binding energies of
231.3 eV (Mo3d

5/2
) and 234.6 eV (Mo3d

3/2
). These peaks are

associated with Mo in formal (+6) oxidation state [19, 20].
The O

1s binding energy of 530.60 eV was in agreement with
the literature value [4]. The O element might come from two
kinds of chemical states: crystal lattice oxygen and adsorbed
oxygen. The triple peaks of O

1s core at 529.30 eV, 530.45 eV,
and 531.32 eV are attributed to the presence of Bi–O, Mo–
O and Ce–O bonds in 3% Ce doped Bi

2
MoO
6
sample [13].

The O
1s binding energy of 532.58 eV is due to the adsorbed

oxygen. The XPS Ce3d peaks of cerium compounds are well
known to be complicated because of hybridization of theCe4f
orbital with ligand orbital and fractional occupancy of the
valence 4f orbital. The XPS spectrum of the 3d

5/2
cerium

level is therefore composed of three structures in the case
of CeO

2
and only two structures in the case of Ce

2
O
3
or

otherCe3+ compounds [21].Thepeaks at 880.73 eV, 884.34 eV,
and 887.57 eV are due to 3d

5/2
spin-orbit states, and those

peaks at 898.68 eV, 901.94 eV, and 905.11 eV are due to the
corresponding 3d

3/2
states. The spin-orbit splitting is about

17.6 eV. The highest binding energy peaks located at about
902 eV and 884 eV are the result of a Ce3d94f1O2p6 of Ce(III)
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Figure 3: TEM images and SAED patterns of ((a), (b)) undoped Bi
2
MoO
6
, and ((c), (d)) 3% Ce doped Bi

2
MoO
6
.

in Ce
2
O
3
in final state.The lowest binding energies located at

898.68 eV and 880.74 eV are the result of Ce3d94f2 O2p4[10,
21, 22]. The peaks at 887.57 eV and 905.11 eV are shakedown
features resulting from the transfer of one or two electrons
from a filled O2p orbital to an empty Ce4f orbital, that is,
Ce3d94f2 O2p4 and Ce3d94f1 O2p5 Ce(IV) in the final states.
Therefore, from the above results it is quite clear that there is
coexistence of Ce3+ and Ce4+ in this sample [10, 21].

Bi
2
MoO
6
crystal is built up of perovskite-like (MoO

4
)2−

and fluorite-like (Bi
2
O
2
)2+ layers. Its room temperature and

ambient pressure structure is orthorhombic (space group
symmetry P2

1
ab). A standard group theoretical analysis for

the P2
1
ab room temperature phase of Bi

2
MoO
6
unit cell

leads to 108 degrees of freedom at the Brillouin zone center
(Γ point). The optical modes are distributed among the
irreducible representation of the factor group C

2V as 26A1 +
27A
2
+ 26B

1
+ 26B

2
. Selection rules state that the A

1
, B
1
, and

B
2
are both Raman and IR active whereas the A

2
modes are

only Raman active [23–25].
Raman spectra of 0–3% Ce doped Bi

2
MoO
6
samples

are shown in Figure 5. It is well known that the bands in

the 180–500 cm−1 range originated from the bending, wag-
ging, and external modes by directly correlating the Mo–
O bonds, and the 700–900 cm−1 region originated from the
stretching vibrationmodes of theMoO

6
octahedrons. Raman

peaks at 323, 345, and 400 cm−1 corresponded to the 𝐸
𝑢
sym-

metry bending modes. Raman modes near 293 cm−1 seemed
to be from the 𝐸

𝑔
bending vibration. The band at 144 cm−1

was assigned as the lattice modes of Bi3+ atoms mainly in the
direction normal to the layers. The strong band at 792 cm−1
was assigned to A

1𝑔
mode of Mo–O stretching vibration

of the distorted MoO
6
octahedrons. The shoulder peak at

715 cm−1 was identified to the 𝐸
𝑢
asymmetric stretching of

MoO
6
octahedrons involving the vibration of the equatorial

oxygen atoms within the layers. The band at 841 cm−1 was
assigned as the A

2𝑢
symmetric and asymmetric stretching

vibrations of the MoO
6
octahedrons, relating to the motion

of the apical oxygen atoms normal to the layers. When the Ce
was doped into the samples, the strong bands at 792 cm−1 and
two shoulder peaks at 715 and 840 cm−1 also slightly shifted
to 713, 791, and 838 cm−1, confirming an effective substitution
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Figure 4: XPS spectra of the 3% Ce doped Bi
2
MoO
6
nanoplates for (a) Bi4f, (b) Mo3d, (c) O1s, and (d) Ce4f.

of Bi3+ ions by Ce3+ ions in the as-prepared nanocrystals, as
also revealed by the XRD analysis [23–26].

FTIR spectra of the samples (Figure 6) show the band in
the 400–900 cm−1 range, corresponding to Bi–O stretching
and bending, Mo–O stretching, and Mo–O–Mo bridging
stretchingmodes of Bi

2
MoO
6
.The bands at 843 and 797 cm−1

were assigned as the asymmetric and symmetric stretching
modes of MoO

6
relating to vibrations of apical oxygen

atoms, respectively. The 731 cm−1 mode was attributed to
the asymmetric stretching vibration of the equatorial oxygen
atoms ofMoO

6
octahedrons.Those at 603 and 570 cm−1 were

specified as the bending vibrations of MoO
6
. Weak bands

at 409 and 448 cm−1 were attributed to the stretching and
bending vibrations of BiO

6
octahedrons [2, 26].

The UV-visible absorption spectra of the undoped and
Ce doped Bi

2
MoO
6
are shown in Figure 7. They show the

strong absorption in the UV and visible-light regions. It
should be noted that the maximum absorption was detected
at 321 nm for 3% Ce doped Bi

2
MoO
6
, obviously blue shifted

compared to that of Bi
2
MoO
6
at 383 nm. For a crystalline

semiconductor, the optical absorption near the band edge
follows the equation𝛼ℎ] = 𝐴(ℎ] − 𝐸

𝑔
)
𝑛/2, where𝛼, ], 𝐸

𝑔
, and

𝐴 are the absorption coefficient, photonic frequency, energy
gap, and a constant, respectively [2, 3]. For Bi

2
MoO
6
, the

value of 𝑛 is 1 for the direct transition. The plot of (𝛼ℎ])2
versus photon energy (ℎ]) of undoped andCe doped Bi

2
WO
6

was estimated from the intercepts of the tangents to the plots
which are 1.86 eV for pure Bi

2
MoO
6
and 2.04 eV for 3%
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Figure 6: FTIR spectra of undoped, 1% Ce doped, and 3%Ce doped
Bi
2
MoO
6
samples.

Ce doped Bi
2
MoO
6
which imply the possible application for

visible-light photocatalysis.

4. Conclusions

0–3% Ce doped orthorhombic Bi
2
MoO
6
nanoplates were

successfully synthesized by the hydrothermal method. The
experimental results presented that the as-synthesized prod-
ucts were orthorhombic Bi

2
MoO
6
with the growth along the

[010] direction. UV-visible absorption spectra show strong
absorption due to the intrinsic energy gap transition of
Bi
2
MoO
6
.
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Sb-doped TiO
2
nanoparticle with varied dopant concentrations was synthesized using titanium tetrachloride (TiCl

4
) and antimony

chloride (SbCl
3
) as the precursors. The properties of Sb-doped TiO

2
nanoparticles were characterized by X-ray diffraction (XRD),

scanning electronmicroscope (SEM), fluorescence spectrophotometer, andUv-vis spectrophotometer.The absorption edge of TiO
2

nanoparticles could be extended to visible region after doping with antimony, in contrast to the UV absorption of pure TiO
2
. The

results showed that the photocatalytic activity of Sb-doped TiO
2
nanoparticles was much more active than pure TiO

2
. The 0.1%

Sb-doped TiO
2
nanoparticles demonstrated the best photocatalytic activity which was better than that of the Degussa P25 under

visible light irradiation using terephthalic acid as fluorescent probe. The effects of Sb dopant on the photocatalytic activity and the
involved mechanism were extensively investigated in this work as well.

1. Introduction

In the past decade, TiO
2
has become a hot spot of research

due to its outstanding photoelectric properties, high chemical
stability, low cost, and nontoxicity and can be widely applied
on photons device [1], photocatalysis [2], sensor [3], and
so forth. Although TiO

2
has many excellent properties, the

application is limited due to a relatively wide band gap
(3.2 eV for the anatase) and the quick recombination of
electron-hole pairs in TiO

2
taking place on a time scale

of 10−9–10−12 s [4]. Therefore, several methods have been
attempted to enhance its photocatalytic activity, such as
modifyingTiO

2
withmetals [5–7], nonmetals [8–10], or other

semiconductors [11, 12]. In addition, the wide band gap limits
the absorption of catalysts to UV light only. It has been
reported that the spectral response of TiO

2
photocatalysts

can be extended to visible light region through the doping
with other elements in order to make a donor or an acceptor
level [13, 14] in the forbidden band of TiO

2
. The doping level

can either capture excited electrons of TiO
2
from valence

band or make electrons jump to the conduction band of
TiO
2
. As a result, the long wave photons can be absorbed and

the scope of absorption spectra region is extended to lower

energy [15]. Previously, TiO
2
has been doped with a variety

of elements, such as N [16], Fe [17], La [18], and so forth. The
effect of Sb element on photocatalytic activity under visible
light irradiation has also been studied by several research
groups, showing high visible light absorption with UV-vis
absorption spectrum measurements [19]. Although catalytic
properties of Sb-doped TiO

2
have been foundmore effective,

the photocatalytic mechanisms under visible light are not
definitively clarified or elaborated.

In order to further study the catalytic properties of doped
TiO
2
under visible light and the contribution of different

free radicals in the catalytic reaction. In this work, pure
and 0.1%∼5% Sb-doped TiO

2
photocatalysts were prepared

by coprecipitation method from TiCl
4
and SbCl

3
. Moreover,

the influence of Sb dopant on the structure of TiO
2
, the

photoabsorption properties, and catalytic activity of these
samples were studied systematically. Sb doping not only
expands the absorption spectra of catalysts from UV light
to visible light but also improves the catalytic activity of
photocatalysts. The obtained results indicate that the cat-
alytic activity of Sb-doped TiO

2
is better than Degussa P25

which absorbs the UV light only [20]. Furthermore, because
hydroxyl radicals (OH∙) and superoxide anion radical (O2−∙)
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can be generated on the surface of pure and Sb-doped TiO
2

under visible light irradiation (>420 nm), the terephthalic
acid was employed as the fluorescent probe to evaluate the
photocatalytic activity of catalyst [21]. For the understanding
of the role of two kinds of free radicals in the catalytic process
and the catalytic mechanism involved, scavengers of DMSO
and p-benzoquinone are used to eliminate hydroxyl radicals
(OH∙) and superoxide anion radical (O2−∙), respectively.

2. Experimental

2.1. Materials and Catalyst Preparation. All reagents used
in the experiments were purchased from commercial
sources as received, including titanium tetrachloride (TiCl

4
,

AR), dimethyl sulfoxide [(CH
3
)
2
SO, AR], n-butyl alcohol

[CH
3
(CH
2
)
3
OH, AR], and p-benzoquinone (C

6
H
4
O
2
, CP).

The distilled water from Milli-Q system was used in the
preparation of materials.

Pure and 0.1%∼5% Sb-doped TiO
2
nanoparticles were

synthesized by coprecipitation method according to the
literature [19], in which the TiCl

4
dissolved in diluted HCl

with deionized water and the obtained mixture solution was
named Solution A. Dissolving SbCl

3
in HNO

3
at a doping

level ranging from 0.1% to 5% nominal atomic against TiCl
4
,

we obtained Solution B. Vigorously stirring Solution B until
it is completely dissolved and then adding Solution B to
Solution A under vigorous stirring at room temperature,
titanium hydrous gels were precipitated upon neutralization
withNH

4
OHat pH∼8.The resulting precipitates were repeat-

edly washed to remove undesirable anions such as Cl−. The
coprecipitated wet gels were treated in a butanol at 100∘C for
2 h, followed by drying at 120∘C for 10 h.Thedried precipitates
were calcined at 500∘C in air to maintain the anatase phase of
TiO
2
and milled with agate mortar in ethanol for 30min.

2.2. Characterization of Catalyst. X-ray diffraction (XRD,
DX-2700) patterns collected from 10∘ to 80∘ in 2𝜃 with
0.02∘ steps/s were used to identify average crystallite sizes
and crystallinity of the nanoparticles using a powder X-ray
diffractometer (𝜆 = 0.154056 nm) with Cu K𝛼1 radi-
ation from the monochromatized X-ray beam at 40 kV
and 40mA. The optical absorption spectra were measured
using a UV-vis spectrophotometer (Shimadzu, UV-2500)
equipped with an integrating sphere, a referenced against
the compressed BaSO

4
powders. Particle morphologies of

samples were examined by scanning electron microscopy
(SEM, JSM 6301F) at 15 kV. The Brunauer-Emmett-Teller
(BET) surface area (𝑆BET) of the samples was determined by
nitrogen adsorption/desorption isotherm measurements at
77 K (ASAP 2010). The fluorescence emission spectrum was
recorded at room temperature with excitation at 320 nm on a
fluorescence spectrophotometer (Hitachi, F-4500).

2.3. Photocatalytic Activity Test. The fluorescence probe sen-
sitive to the free radicals was applied to detect the photocat-
alytic activity of pure and 0.1%∼5% Sb-doped TiO

2
nanopar-

ticles. Terephthalic acid as the fluorescent probe can readily
react with hydroxyl radicals (OH∙) and superoxide anion

COOH

COOH

COOH

COOH

COOH

OH

OH∙/O2−∙

OH

Terephthalic
acid (TA)

2-Hydroxyterephthalic
acid (2-HTA)

4-Hydroxybenzoic

Or+

acid (4-HBA)

Scheme 1: Reactions of hydroxyl and superoxide anion radicals with
terephthalic acid to form the 2-HTA or 4-HBA.

radical (O2−∙) to produce highly fluorescent products [22]. As
shown in Scheme 1, themain products of terephthalic acid are
2-hydroxyterephthalic acid (2-HTA) or hydroxybenzoic acid
(4-HBA), and only 2-HTA is highly fluorescent and thus can
be easily determined by fluorescence spectroscopy [22, 23].

Photoreactivity experiments: 5mg photocatalysts of P25
TiO
2
; pure TiO

2
; and 0.1%, 0.5%, 1%, and 5% Sb-doped TiO

2

were suspended in 20mL aqueous solution containing 0.01M
NaOH (pH∼11.5) and 500𝜇M terephthalic acid, respectively.
Before exposure to visible light, the suspension was stirred in
the dark for 30min. 3mL of the solution was then taken out
after irradiation for 20min and centrifuged for fluorescence
spectroscopy measurement. The emission intensity of the
2-HTA was monitored with the excitation at 320 nm. The
photoreactivity in visible region was investigated with the
irradiation of light source (𝜆 > 420 nm) obtained by the cut-
off filter at 420 nm from a 500 W Xe lamp.

To study the reactivity of OH∙ radicals formed from
trapped holes solely, p-benzoquinone (0.05mM) was used to
quench O2−∙ radicals. Similarly, for the study of O2−∙ anion
radicals, dimethyl sulfoxide (DMSO) (1mM) was used to
quench OH∙ radicals formed on the Sb-doped TiO

2
surface.

Scavenger of DMSO can react with OH∙ to generate methyl
sulfinic acid (CH

3
SOOH) and methyl radical (CH

3

∙) [24].
Detailed methods were performed as follows: 5mg P25 TiO

2
;

pure TiO
2
; and 0.1%, 0.5%, 1%, and 5% Sb-doped TiO

2

were suspended in 20mL aqueous solution containing 0.01M
NaOH, 500𝜇M terephthalic acid, and (1) without scavenger,
(2) 1mM DMSO, (3) 0.01mM p-benzoquinone, respectively.
Measurement method of fluorescence spectrum is the same
as photoreactivity experiments except that the irradiation
time is 10min.

In this way, we were thus able to study separately the
reactivity of two radicals h+/OH∙ and e−/O2−∙ on the surface
of Sb-doped TiO

2
by observing the fluorescent spectra of

products.

3. Results and Discussion

For pure TiO
2
, the absorption edge is in UV region and

the bandgap is around 3.2 eV. With the Sb doping, new
dopant level was formed in the forbidden band of TiO

2

(Figure 1). When TiO
2
is exposed to light of energy greater
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Figure 1:The generation of photogenerated electron-hole pairs and
the formation process of two kinds of radicals on the surface of Sb-
doped TiO

2
catalyst.

than the bandgap energy, electrons are excited from its
valence band into the conduction band to form spatially
separated electron-hole (e−/h+) pairs by light absorption.
The photogenerated charge carriers can be transferred to
the surface of the catalyst and react with electron donors
or acceptors adsorbed on the surface of the photocatalyst
to generate reactive oxygen species such as OH∙ and O2−∙.
As shown in Figure 1, in an aqueous environment, the
photogenerated electrons are trapped by adsorbed oxygen
to generate radicals (O2−∙), and photogenerated holes are
trapped by adsorbed water or hydroxyl bound superoxide
anion (OH−) to generate bound hydroxyl radicals (OH∙) [25].

Figure 2(A) shows the UV-vis absorption spectra of pure
and 0.1%∼5% Sb-doped TiO

2
prepared by coprecipitation

method. The pure TiO
2
had strong absorption only in the

UV region corresponding to its band gap energy, while Sb-
doped TiO

2
exhibited a new absorption band in the short

wavelength region of visible light.The visible light absorption
was enhanced by the dopant of pure TiO

2
and increased

with Sb dopant. The color of the prepared catalysts changed
from yellowish-white to yellow with the increasing dopant
concentration of Sb.

Figure 2(B) shows X-ray diffraction patterns of TiO
2
with

different Sb doping concentration; the anatase is the crystal
phase of samples prepared by coprecipitation method. The
average crystallite sizes of TiO

2
can be estimated from XRD

spectra by using the Scherrer equation [26]:

𝐷 =
𝑘𝜆

𝛽 cos 𝜃
, (1)

where𝐷 is the crystallite size (nm), 𝑘 is the Scherrer constant
(𝑘 = 0.89), 𝜆 is the wavelength of the X-ray radiation source
(𝜆 = 0.154056 nm in this case), 𝛽 is the full width at half
maximum intensity (radians), and 𝜃 is the angle between the
incident and diffracted beams. The average crystallite sizes
of TiO

2
are presented in Table 1. It is found that the average

crystal sizes of TiO
2
with different Sb doping concentration

Table 1: Crystalline properties of the prepared TiO2 photocatalysts.

Samples Different Sb doping concentration (%)
0% 0.1% 0.5% 1% 5%

Crystallite size (nm) 14.5 19.2 14.7 16.4 13.6
Surface area (m2/g) 56.281 57.822 69.220 49.691 40.606

are about 13.6∼19.2 nm. The Sb5+ species are formed in the
calcination step through oxidation of the incorporated Sb3+

(0.0760 nm) to Sb5+ [27]. The ionic radii of Ti4+ and Sb5+ are
0.0600 and 0.0605 nm, respectively [28], and the ionic radius
of Sb5+ is similar to that of Ti4+. It is suggested that Sb5+ ions
are likely be substituted at Ti4+ sites within TiO

2
. Sb5+ ions

partially replace Ti4+ until the solubility limit is reached.
Figures 2(C) and 2(D) show the SEM images of pure and

1%Sb-dopedTiO
2
, respectively.They indicate that the surface

morphologies of pure and 1% Sb-doped TiO
2
are almost

undifferentiated. All samples are irregular in shape, and the
size of particles is in the range of 25∼40 nm.The particle sizes
of 1% Sb-doped TiO

2
are almost the same as that of pure

TiO
2
due to the small amount of Sb [29]. There is a slight

difference between the results of SEM and Scherrer formula,
probably arising from aggregated particles. In addition, the
specific surface area of the samples was obtained using the
BET surface area measuring apparatus at the boiling point of
liquid nitrogen. The specific surface area (𝑆BET) of catalyst is
among 40.606∼69.220m2/g (as shown in Table 1).

Here, on the basis of the fact that both of these radicals
h+/OH∙ and e−/O2−∙ can react oxidatively with nonfluo-
rescent probe terephthalic acid to generate product 2-HTA
(highly fluorescent) or 4-HBA (Scheme 1), the catalytic
activities can be monitored by fluorescence spectroscopy.
Figure 3(a) shows fluorescence spectrum of terephthalic
acid solution with P25, pure, and 0.1%∼5% Sb-doped TiO

2
,

respectively. The results indicate that the samples of 0.1%∼1%
Sb-doped TiO

2
have better photocatalytic activity compared

with pure and Degussa P25 TiO
2
in visible light region, and

0.1% Sb-doped TiO
2
demonstrated the best photocatalytic

activity. It could be suggested that Sb dopant acts as electron
traps retarding electron-hole recombination and enhancing
interfacial charge carriers transfer to the surface of the parti-
cles; however, the recombination rate will increase when the
dopant concentration of Sb is too high [30]. Upon excitation
with visible light, electrons are excited from oxygen atoms in
the conduction band, probably to the Ti 3d orbitals, and are
further trapped by adsorbed O

2
to produce O2−∙ radials. The

photogenerated holes are trapped by adsorbed H
2
O or OH−

to produce OH∙ radicals bound to the surface [25]. These
trapped electrons (e−/O2−∙) or holes (h+/OH∙) react with the
nearby adsorbed molecules, as shown in Figure 1.

It is known that the photocatalytic process will generate
two kinds of free radical, e−/O2−∙ and h+/OH∙, to drive the
subsequent chemical reaction. Here, on the basis of that
e−/O2−∙ and h+/OH∙ can be quenched by scavengers of p-
benzoquinone and DMSO, respectively; it is expected to get
more insight into the catalytic mechanism of pure and Sb-
doped TiO

2
by adding scavengers. As shown in Figure 3(b),
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Figure 2: (A) UV-vis absorption spectra of pure TiO
2
and 0.1%∼5% Sb-doped TiO

2
; (B) X-Ray diffraction spectra of catalysts with different

Sb-doped percentage calcinated at 500∘C for 2 h: (a) 0%, (b) 0.1%, (c) 0.5%, (d) 1%, and (e) 5%; (C) SEM image of pure TiO
2
; (D) SEM image

of 1% Sb-doped TiO
2
.

DMSO inhibited the activity of catalysts obviously, because
DMSO can react with OH∙ and reduce the concentration of
OH∙.The result indicates the existence ofOH∙ in solution and
participation in the catalytic reaction of fluorescent probe.
Similarly, the activity of catalysts had been also inhibited with
O2−∙ scavenger by p-benzoquinone, showing the existence
of O2−∙ and its involvement in the catalytic reaction at the
same time. With the comparison of different Sb doping
concentration, it was demonstrated that the scavengers can
inhibit the photocatalytic activity of all the catalysts.

Doped TiO
2
demonstrates that doping Sb in TiO

2
can

improve the photocatalytic activity of Sb-doped TiO
2
. The

XRD results indicate that the crystalline structure of the Sb-
doped TiO

2
is anatase with a small mean diameter. It is

accepted that the anatase phase and small mean diameter
are very beneficial for photocatalytic reaction [31, 32]. The
Sb atoms may be substituted at some of Ti sites in TiO

2

and forming a narrow Sb band under the conduction band,
which was determined to be responsible for visible light
sensitivity. The reactive oxygen species such as OH∙ and
O2−∙ on the surface of catalysts are considered beneficial for
the photocatalytic process. On one hand, when the OH− or

H
2
O species accept h+ under light irradiation, they might

be oxidized to form OH∙. On the other hand, the surface
hydroxyl groups can also act as absorption centers for O

2

molecules.The e− from the conduction band can be captured
by O
2
molecules to produce O2−∙. It is OH∙ and O2−∙, which

possess high oxidizability, that oxidize terephthalic acid.

4. Conclusion

The pure and Sb-doped TiO
2
photocatalysts have been

prepared by a coprecipitation method using TiCl
4
and SbCl

3

as precursor. The influence of Sb doping concentration on
the catalytic property, using terephthalic acid as fluorescent
probe, has been studied in this work. Sb ions can be iso-
morphously substituted into the TiO

2
lattice to generate a

new doping energy level and change the electron transition
way of TiO

2
from valence band to conduction band. In this

case, it extends the scope of TiO
2
absorption spectrum to

the visible light region and improves photocatalytic activity
of catalysts.The obtained results show that the photocatalytic
activity of 0.1%∼1% Sb-doped TiO

2
is higher than pure TiO

2
,

and 0.1% Sb-doped TiO
2
presents the best photocatalytic
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Figure 3: (a) Plots of the fluorescence spectral for the 500𝜇M terephthalic acid on P25 TiO
2
and pure and 0.1%∼5% Sb-doped TiO

2
catalysts

after visible light irradiation for 20min. (b)The fluorescence intensity at 426 nm after irradiation 10min for terephthalic acid on the pure and
0.1%∼5% Sb-doped TiO

2
, without scavenger (red), with DMSO (blue) and p-benzoquinone (green), respectively.

activity, which ismuch better thanDegussa P25.This superior
catalytic activitymainly arises from the fact that the Sb-doped
TiO
2
generates a new level in the forbidden band of TiO

2
and

contributes to the capture of carriers as well as improving
the separation of photogenerated electron hole. As for the
catalytic mechanism of OH∙ and O2−∙ in the fluorescence
probemethod, it can be attributed to the product fluorescence
bursts from the oxidation of terephthalic acid to form 2-HTA
by either one of these two radicals.
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Uniform magnetic hollow nanospheres (GdNi
2
, Co
5
Gd) coated with Gd

2
O
3
have been successfully prepared on a large scale

via a urea-based homogeneous precipitation method using silica (SiO
2
) spheres as sacrificed templates, followed by subsequent

heat treatment. Nitrogen sorption measurements and scanning electron microscope reveal that these hollow-structured magnetic
nanospheres have the mesoporous shells that are composed of a large amount of uniform nanoparticles. After reduction treatment,
these nanoparticles exhibit superparamagnetism that might have potential applications in medicine. Furthermore, the developed
synthesis route may provide an important guidance for the preparation of other multifunctional hollow spherical materials.

1. Introduction

Hollow nanospheres with tailored structures have attracted
tremendous interest due to their higher specific surface
area, better permeation, lower density than their bulk
counterparts, and their extensive potential applications in
magnetic, catalysis, chemical reactors, drug delivery, and
optical materials [1–10]. Generally, templating methods are
to coat nanocrystals on the hard or soft templates [11–
15] followed by removing the templates through etching
or calcinations [16]. Moreover, the diameter of the hollow
spheres and the thickness of shells can also be tuned by
varying the size of cores and the times of the precipitation
procedure. Importantly, the shell-shell structure of hollow
spheres is involved in immobilizing desired materials on
template surfaces due to potential incompatibilities between
materials [17], which are well exhibited without affecting
the others. It is known that Re

2
O
3
(where Re is the rare-

earth element) compounds have been widely used as heat-
resistant materials, high-performance luminescent devices,
and catalysts based on the electrical and optical properties of
their 4f electrons of lanthanide [18]. Among different RE

2
O
3

materials, gadolinium oxide (Gd
2
O
3
) is promising as host

matrix for down- and upconversion luminescence due to
its good chemical durability and low phonon energy [19].
Meanwhile, magnetic microspheres were introduced into the
area of biosciences in the 1970s [20]; the synthesis of micro-
(or nano) magnetic carriers has received increasing interest
due to their wide promising applications.

As a form of nanocomposites, the particles combine
magnetic materials and gadolinium oxide to integrate the
functions of magnetic and optical responses of the individ-
ual components. In particular, shell/shell nanocomposites
of magnetic materials and Gd

2
O
3
combine the advantages

of individual shells to enhance space utilization of the
capsules and greatly extend the application. However, few
studies have been involved in preparation of such shell/shell
nanocomposites. Recently, template-directed synthesis, with
soft templates and hard templates, has been demonstrated
to be an effective approach to prepare inorganic hollow
spheres. Up to now, using carboxylate silica particles [17],
melamine formaldehyde (MF) [21], and silica colloidal par-
ticles as sacrificial templates has become the mainstream.
Among them, silica is usually employed because it can
very efficiently adsorb proteins and is highly stable even
in organic solvents [22]. Notably, gadolinium oxide doped
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Table 1

SiO2 M(NO
3
)
𝑦
⋅ZH2O (M = Fe, Co, Ni) Gd(NO3)3⋅6H2O

1.2 g 0.21 g Fe(NO3)3⋅9H2O 0.23 g
1.2 g 0.15 g Co(NO3)2⋅6H2O 0.23 g
1.2 g 0.15 g Ni(NO3)2⋅6H2O 0.23 g

Silica

Synthesized by a 
coprecipitation

Synthesized  by a 
coprecipitation

Silica shell microspheres containing 

Silica shell microspheres containing 

My+ (Ni2+, Fe3+, or Co2+)

My+, Gd3+(M = Ni, Fe, Co)

Etching 0.5 M NaOH
Calcination 800∘C

Hollow MxOy@Gd2O3 hollow
spheres (M = Ni, Fe, Co)

Re
du

ce
d 

in
H

2
cu

rr
en

t a
t

4
5
0
∘ C 
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r2

h

Hollow M@Gd2O3 spheres
(M = GdNi2, Co5Gd, Fe3O4)

Figure 1: Schematic illustration of the preparation of M@Gd
2
O
3
(M = GdNi

2
, Co
5
Gd, Fe

3
O
4
) hollow nanospheres.

with europium ions (Gd
2
O
3
: Eu3+) has been proven to be an

important red-emitting phosphor [23], which emits light in
the near-infrared (NIR) window, between 700 and 900 nm
and is of particular interest [24]. Along these lines, lumi-
nescent and magnetic nanoparticles may be an appropriate
answer to major advances in biological and biomedical
imaging.

In this work, we have successfully prepared monodis-
perse shell/shell nanocomposites comprising magnetic hol-
low spheres and Gd

2
O
3
shells. The main steps of the prepa-

ration involve synthesis of monodisperse SiO
2
templates,

installation of inorganic seeds, and growth and formation of
inner or outer inorganic shells via a layer-by-layer deposition
process [25]. However, the inorganic phase of Gd

2
O
3
was

partly soluble in the magnetic shell when the products were
reduced in H

2
gas at 450∘C. Fortunately, the alloys (GdNi

2

and Co
5
Gd) still possess superparamagnetism.The synthesis

strategy is based on a self-assembly diffusion process as
illustrated in Figure 1. Our work may open new possibilities
to synthesize hollow spheres of other nanocomposites and
extend their applications.

2. Experimental

2.1. Materials. Nickel nitrate hexahydrate, cobalt nitrate hex-
ahydrate, and gadolinium (III) nitrate hexahydrate were from
Aladdin Chemistry Co. Ltd. Iron (III) nitrate nonahydrate
was from Sinopharm Chemical Reagent Co. Ltd. Other
reagents were used without further purification.

2.2. Preparation of Nickel-Silica Composite Spheres. The syn-
thesis procedure of silica/Ni

3
Si
2
O
5
(OH)
4
[26] involves (1)

preparation of uniform silica balls (500 nm) [27] and (2)
preparation of nickel-silica composite spheres via a urea-
based homogeneous precipitation approach. The whole syn-
thesis process is illustrated briefly in Figure 1. The syn-
thesis details are as follows: 1.20 g of SiO

2
spheres were

separately dispersed in 100mL of solution containing 0.15 g
of Ni(NO

3
)
2
⋅6H
2
O and 0.30 g of CO(NH

2
)
2
. The mixture

(100mL) was stirredmildly at a constant temperature of 95∘C
for 4 h for a complete precipitation.

2.3. Preparation of GdNi
2
@Gd
2
O
3
Hollow Spheres. The con-

centrations of gadolinium nitrate, urea, and nickel-silica
monodisperse spheres were 0.005M, 0.05M, and 12 g/L,
respectively, which were prepared by following the same
procedure. By immersing the products in 200mL of 0.5M
NaOH, the silica cores were dissolved by alkaline and the
remainder shells were collected by centrifugation.Then, these
powders were obtained through heat treatment at 800∘C
for 2 h in air at a heating rate of 10∘C min−1. Finally, the
particles were reduced in H

2
gas (40 cm3/min) at 450∘C

(at a rate of 10∘C/min) for 2 h in the fixed-bed reactor.
After the completion of the reduction process, the sample
was protected at room temperature in the flowing-inert
gas for 12 h. The core-shell structured M@Gd

2
O
3
(M =

Fe
3
O
4
, and Co

5
Gd) are prepared by the same method

(Table 1).
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(a) (b) (c)

(d) (e) (f)

Figure 2: SEM images of (a) SiO
2
spheres, ((b) and (d)) silica/Ni

3
Si
2
O
5
(OH)

4
core-shell structures, Ni

3
Si
2
O
5
(OH)

4
hollow spheres with an

average size of 580 nm. ((c) and (e)) SiO
2
@Ni
3
Si
2
O
5
(OH)

4
@Gd
2
O
3
core-shell structures, Ni

3
Si
2
O
5
(OH)

4
@Gd
2
O
3
hollow spheres with an

average size of 600 nm. (f) Ni
3
Si
2
O
5
(OH)

4
@Gd
2
O
3
hollow spheres (200 nm).

(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 3: SEM image of (a) iron-silica composite nanospheres. (b) Composite hollow spheres (400 ± 5 nm). (c) Iron-gadolinium hollow
nanospheres (485 ± 5 nm). (d) After reduction. (e) Cobalt-silica composite nanospheres and (f) removing silica cores (510 ± 5 nm). (g)
Precursor nanospheres and (h) removing silica cores after reduction (530 ± 5 nm).
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Figure 4: EDS surface analysis of nickel-gadolinium, iron-gadolinium, and cobalt-gadolinium composite two-layer hollow spheres: ((a), (e),
and (i)) dark field image, ((b), (f), and (j)) silicon map, (c) nickel map, (g) iron map, (k) cobalt map, and ((d), (h), and (l)) gadolinium map.

2.4. Measurements and Characterization. The structures of
the samples were characterized by X-ray diffractometer
(XRD) (Bruker D8 ADVANCE) using Cu-K𝛼 radiation
(the wave length is 0.15418 nm). The morphology and ele-
mentsof the sample were measured by scanning electron
microscope (FE-SEM SU-70) with energy-dispersive X-ray
(EDAX). BET surface area was obtained by analyzing N

2

adsorption/desorption isotherm data and from micromerit-
ics (ASAP 2020M) measurement. The magnetic properties
of hollow nanospheres were measured by Quantum Design
Vibrating Sample Magnetometer as a function of applied
fields (−30 and +30 kOe) at 300K.

3. Results and Discussion

The layer-by-layer (LBL) route was adapted to fabricate the
core-shells sphere using SiO

2
as the sacrificed template,

followed by deposition of desired coating chemicals or
nanoparticles with opposite surface charges [28–30]. The
SiO
2
spheresare chosen as the sacrificed template due to their

facile removal and their core-shell-shell structure composed
of a hydrophobic core and a stabilizing shell that contains vast
reactive oxygen functional groups [31]. These SiO

2
spheres

were prepared via a hydrolysis method as described above.

The SEM image shows that the SiO
2
spheres have a mean

diameter of ∼500 nm (Figure 2(a)). After being coated with a
porous nickel layer, core-shell silica/Ni

3
Si
2
O
5
(OH)
4
compos-

ite microspheres with Ni
3
Si
2
O
5
(OH)
4
thin layers of ∼40 nm

were obtained (Figure 2(b)). The subsequent LBL deposition
process resulted in a continuous and uniform Gd

2
O
3
coating

on the surface of the spheres (Figure 2(c)). Panels (d) and (e)
in Figure 2 display typical SEM images ofNi

3
Si
2
O
5
(OH)
4
and

Ni
3
Si
2
O
5
(OH)
4
@Gd
2
O
3
hollow microspheres, respectively,

illustrating that the particles are well dispersed. From the
high-magnification SEM image (inset of Figure 2(e)), one
can clearly see the thickness of Ni

3
Si
2
O
5
(OH)
4
@Gd
2
O
3

layer (approximately 50 ± 5 nm). More interestingly, the
size of products prepared can be controlled by varying
the size of the cores used in the reactions. For example,
the resulting Ni

3
Si
2
O
5
(OH)
4
@Gd
2
O
3
hollow microspheres

(∼200 nm in diameter) are prepared by using SiO
2
(180 nm)

as the sacrificed template. Moreover, cobalt-silica and iron-
silica hollow spheres were also synthesized via the LBL
method by changing the metal precursor (Co, Fe), giving
materials a similar spherical morphology and narrow particle
size distribution (Co, ∼560 nm; Fe, ∼580 nm). Subsequently,
depositingGd

2
O
3
on the surface of the precursors, the sizes of

the particles are about 595 nm and 610 nm after reduction. As
shown, Fe

3
O
4
@Gd
2
O
3
and Co

5
Gd@Gd

2
O
3
hollow spheres
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Figure 5: The X-ray powder diffraction patterns of GdNi
2
@Gd
2
O
3
, Fe
3
O
4
@Gd
2
O
3
, Co
5
Gd@Gd

2
O
3
hollow spheres after reduction in H

2

current at 450∘C for 2 h.

have been successfully prepared and the detailed information
of sample was displayed in Figure 3.

To confirm the composition of products, EDS mapping
was devoted for elaborate analysis of the hollow spheres, as
shown in Figure 4. The color intensity serves as a tool to
judge the relative amount of element present in this analysis
and it allows the visualization of the relative location of the
different elements in the sample. The EDS-mapping images
((b), (c), and (d)) labeled Si, Ni, andGd are those obtained for
respective elements in hollow spheres. As we have seen from
themaps, elemental Ni, Gd, and Si are distributed throughout
the whole hollowmicrosphere. Meanwhile, elemental Fe, Co,
and Gd are homogeneously distributed on the shell-shell
structures from the images ((e)–(l)).

These powders were reduced in H
2
current (40 cm3/min)

at 450∘C (at a rate of 10∘C/min) for 2 h in the fixed-bed
reactor. After the completion of the reduction process, the
sample was protected at room temperature in the flowing-
inert gas for 12 h. These multilayer hollow spheres were
also characterized by XRD as shown Figure 5, where the
corresponding Bragg peaks are indicated. The diffraction
peaks at 2𝜃 = 28.6, 33.1, 47.5, and 56.4∘ are for (222), (400),
(440), and (622) of cubic Gd

2
O
3
[32], in good accordance

with reported data (JCPDS Card number 43-1014). It can
also be seen that the diffraction peaks of the Gd

2
O
3
particles

are very strong and sharp, indicating that outer shell layer
with high crystallinity can be synthesized by this method.
This is important for phosphors because high crystallinity
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Figure 6: Room-temperature (300K) magnetic hysteresis loops of GdNi
2
@Gd
2
O
3
, Fe
3
O
4
@Gd
2
O
3
, and Co

5
Gd @Gd

2
O
3
hollow spheres,

respectively. The upper left inset of (a) shows GdNi
2
@Gd
2
O
3
hollow spheres suspended in water and separated from solution under an

external magnetic field and the lower right shows close-up of the central region of the magnetization curves. The inset of (b) shows the
highlight of low field region.

generally means fewer traps and stronger luminescence [33].
However, a problem has puzzled us that inorganic phase
(Gd
2
O
3
) is partially soluble in the magnetic shell during the

reduction process. Fortunately, the alloy (GdNi
2
, Co
5
Gd) has

desired magnetic properties. In comparison, a set of very
weak diffraction peaks assigned to face-centered cubic GdNi

2

(JCPDS Card number. 65-9978), hexagonal Co
5
Gd (JCPDS

Card number 65-9914), and orthorhombic Fe
3
O
4
(JCPDS

Card number 89-6466) was detected at the positions marked
by arrows, accompanying the predominant diffraction peaks.
No other crystalline impurities were detected by XRD.

The magnetic properties of the heterodimers of Gd
2
O
3

and GdNi
2
nanoshells are measured using a vibrating sample

magnetometer at room temperature. As shown in Figure 6(a),
the sample presented a saturation magnetization (Ms) of
3.7 emu/g and a low coercivity of about 10Oe at room

temperature. The magnified hysteresis loops further confirm
the superparamagnetism of these hollow spheres. Com-
pared with the saturation magnetization of the MUC-F-
NR (1.28 emu/g) [34], it can more easily be directed by an
external magnetic field to a specific target. Furthermore, the
magnetization values of Co

5
Gd@Gd

2
O
3
and Fe

3
O
4
@Gd
2
O
3

were 3.38 and 3.15 emu/g (see Figures 6(b) and 6(c)), respec-
tively. For our sample, the main reason may be that the
hollow sphere is a compound of GdNi

2
@Gd
2
O
3
, not pure

nickel. The Gd
2
O
3
layer also serves as a magnetic layer

and exhibits superparamagnetism [35]. Despite this, the
powder dried Gd

2
O
3
-coated GdNi

2
magnetic shells could

be well redispersed in aqueous solutions, and the suspended
particles were well collected using a magnet within 0.5min
(Figure 5(a), left inset), which suggests that they can be
manipulated by an external smallmagnetic field. Remarkably,
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Figure 7: The pore diameter distribution and the inset of N
2
adsorption/desorption isotherm of the hollow spheres. (a) GdNi

2
@Gd
2
O
3
; (b)

Fe
3
O
4
@Gd
2
O
3
; (c) Co

5
Gd@Gd

2
O
3
.

the separation between the Gd3+ ions in the matrix is too far
to render sufficient overlap of the orbitals associated with the
partially filled 4f electrons shells of the Gd3+ ions, which is
necessary for ferromagnetism [36]. And increasing thickness
of magnetic nanoshell by the times of coating, the saturation
magnetization of products will be much enhanced.

The specific surface area and porosity of the as-
prepared M@Gd

2
O
3
(M = GdNi

2
, Co
5
Gd, Fe

3
O
4
) hol-

low spheres were determined by nitrogen sorption mea-
surements. Figure 7 shows the nitrogen sorption isotherms
and the corresponding pore-size distribution of as-prepared
GdNi

2
@Gd
2
O
3
, Fe
3
O
4
@Gd
2
O
3
, and Co

5
Gd@Gd

2
O
3
hollow

spheres. These samples exhibit a typical IV isotherm with
the leap start-points at relative pressures of 𝑃/𝑃

0
= 0.2-0.3,

which demonstrates the ordered mesoporous structure.
Meanwhile, a large H1-type hysteresis loop appears in its
isotherm, which represents narrow pore distributions. The
pore size of the product obtained from the analysis of
the adsorption branch using the Barrett-Joyner-Halenda
(BJH) method was centered at 4.97 nm, as shown in the
inset of Figure 7(a). The shell-shell GdNi

2
@Gd
2
O
3
hol-

low spheres have a specific surface area of 33.84m2⋅g−1
and a pore volume of 0.0031 cm3 g−1, which is close to
those of Fe

3
O
4
@Gd
2
O
3
(22.97m2⋅g−1/0.0024 cm3⋅g−1), and

Co
5
Gd@Gd

2
O
3

(35.00m2⋅g−1/0.0033 cm3⋅g−1) (shown in
Figures 7(b) and 7(c)). It is clear that the luminescent
layer (Gd

2
O
3
) should be responsible for such a low pore

volume because the GdNi
2
shell with mesoporous structure
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is covered by Gd
2
O
3
particles. It is worthwhile to point

out that the obtained multifunctional microspheres with
mesoporosity still have large BET surface area and small pore
volume due to their mesoporous shell-shell structure.

4. Conclusions

In summary, we have demonstrated a feasible route to
prepare uniform hollow shell-shell microspheres of com-
posite materials (M@Gd

2
O
3
, M = GdNi

2
, Co
5
Gd, Fe

3
O
4
)

by a template–directed method with silica microspheres
as templates. Moreover, the nanoshells thickness can be
easily tuned by the times of coating and the diameter of
microsphere can also be altered by changing the size of the
core. The as-prepared composite materials exhibit excellent
adsorption performance for N

2
and superparamagnetism at

room temperature and are expected to be useful in water
treatment, drug delivery, and many other applications. Thus,
the facile synthesis method can readily be extended to the
preparation of other magnetic layers @RE

2
O
3
functional

materials with shell-shell structure.
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Indium-nitrogen codoped zinc oxide (INZO) thin films were fabricated by spray pyrolysis deposition technique on n-(111) Si
substrate with different film thicknesses at 450∘C using a precursor containing zinc acetate, ammonium acetate, and indium
nitrate with 1 : 3 : 0.05 at.% concentration.Themorphology and structure studies were carried out by scanning electron microscopy
(SEM) and X-ray diffraction (XRD). The grain size of the films increased when increasing the film thickness. From XRD spectra,
polycrystalline ZnO structure can be observed and the preferred orientation behavior varied from (002) to (101) as the film thickness
increased. The concentration and mobility were investigated by Hall effect measurement. the p-type films with a hole mobility
around 3 cm2V−1s−1 and hole concentration around 3×1019 cm−3 can be achieved with film thickness less than 385 nm.The n-type
conduction with concentration 1 × 1020 cm−3 is observed for film with thickness 1089 nm. The defect states were characterized by
photoluminescence. With temperature-dependent conductivity analysis, acceptor state with activation energy 0.139 eV dominate
the p type conduction for thin INZO film. And the Zn-related shallow donors with activation energy 0.029 eV dominate the n-type
conduction for the thick INZO film.

1. Introduction

In recent years, the zinc oxide (ZnO) based materials have
attractedmuch attention. Lots of devices have been studied in
many fields [1–6]. For unintentionally doped ZnO, it is usu-
ally an n-type semiconductor with carriers from the donor
levels associated with oxygen vacancies and/or interstitial
zinc atoms [7, 8]. High quality n-type ZnO with Al, Ga, and
In has been reported [9–11]. To achieve p-type ZnO, a popular
method is using nitrogen doping as shallow acceptor [12]
although the stability of nitrogen in ZnO is a topic [13]. In
the meantime, the nitrogen codoping with certain reactive
elements such as Al, Ga, and In was proposed to enhance
the solubility and stability of nitrogen in ZnO [14–16]. As the
nitrogen chemical states varied with the added In element
[16], stable and high p-type concentration can be achieved
from the In-N codoped ZnOfilm. Different depositionmeth-
ods such as sputtering [17, 18], sol-gel spin coating [19], and

ultrasonic spray pyrolysis (USP) [16, 20] were applied. Some
studies of the In-N codoped ZnO about the electrical and
optical properties [16, 18, 19], different substrate effect [21],
and film postannealing effect [17] were performed. In these
studies, all the thickness of the In-N co-doped ZnO was less
than 0.5 um, as ZnO film properties show a film thickness-
dependent behavior [22–24]. Yet, there is less studies about
the thicknesses effects for the In-N codoped ZnO film. In
this work, we prepared the In-N codoped ZnO thin films
by spray pyrolysis with different film thickness and analyzed
their morphology, crystalline, and electrical properties. The
photoluminescence and activation energies analysis were
applied for understanding the conductivity behaviors.

2. Materials and Methods

The indium and nitrogen co-doped ZnO (INZO) thin film
was deposited on n+ (111) Si substrate at 475∘C by spray
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Figure 1: SEM view of cross-section for the ZnO films with different deposited thicknesses: (a) 154 nm, S1, (b) 385 nm, S2, and (c) 1089 nm,
S3. The corresponding surface morphologies were shown in (d) S1, (e) S2, and (f) S3, respectively.

pyrolysis [8]. Before deposition, the Si substrate was cleaned
by standard cleaning process [25] followed by rinse in
HF :H

2
O = 1 : 20 for 20 s to remove the oxide layer. The

INZO film was formed from the pyrolysis of the precursor
of zinc acetate, ammonium acetate, and indium (III) chloride
with ratio 1 : 3 : 0.05 with different spraying times.The surface
morphology and cross-section of the film were studied using
scanning electronmicroscopy (SEM, HITACHI S-4300).The
crystalline structure was obtained by X-ray diffraction (XRD,
Bruker D8) with Cu K-alpha radiation. The conductivity
was obtained by the van der Pauw four-point method
(KEITHLEY 2400) and carrier concentration and mobility
were obtained by Hall measurement at the magnetic field
strength 0.42 T. The temperature-dependent conductivity
properties were characterized with a temperature-controlled
stage.The photoluminescence (PL)measurement was carried
on MiniPL5.0 system (PHOTON SYSTEMS Inc.) with NeCu
(248 nm) pulse laser. The depth profile was obtained by
secondary ion mass spectrometry (SIMS, Cameca IMS-6f)
fromMA-tek Inc.

3. Results and Discussion

The morphologies of these INZO films were shown in
Figure 1. The cross-section was shown in (a) sample S1, (b)
sample S2, and (c) sample S3. The film thicknesses measured
from the cross-sectional images are 154 nm (S1), 385 nm
(S2), and 1089 nm (S3), respectively, as listed in Table 1. The
corresponding surface morphologies were shown in (d) S1

(e) S2, and (f) S3, respectively. It is clearly shown that the
surface morphologies of the INZO films were considerably
affected by film thickness. For thin INZO film as shown in
Figure 1(d), the granular structure with some hexagonal plate
can be observed. As the film thickness increases by increasing
the deposition time, the surface granular structure becomes
larger and the cubic-like morphology can be observed in
Figure 1(f).

The X-ray diffraction patterns of the INZO films are
shown in Figure 2. There are five peaks distinguished in the
figure. All these peaks, as labelled in the figure, can be indexed
to ZnO structure.

The three obvious ZnO peaks were indexed as (100),
(002), and (101) planes. For thin INZO film (S1), a dominant
(002) peak can be observed in Figure 2(a). The (002) peak
intensity decreased with increasing film thickness. The film
with thickness 1089 nm (S3) showed a primary (101) peak. A
relative intensity increasing for (110) peak can be observed
also as the film thickness increased. The full-width-half-
maximum (FWHM) values of (101) peak were evaluated
in Figure 3. The FWHM decreasing with film thickness
increasing can be observed. Based on Scherrer’s formula, the
averaged grain size𝐷 for the film can be calculated as [26]

𝐷 =
0.94𝜆

𝛽 cos 𝜃
, (1)

where 𝜃 is the Bragg diffraction angle, 𝜆 is the wavelength
of the incident radiation, and 𝛽 is FWHM of the diffraction
ray. The grain size estimated from the (101) peak in the XRD
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Figure 2: XRD spectra for the ZnO films with different deposited
thicknesses: (a) S1, (b) S2, and (c) S3.
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Figure 3: The FWHM of the XRD (101) plane and the grain size𝐷.

pattern was shown in Figure 3 also. The grain size increases
as the film thickness increases. For thick sample S3, the
calculated grain size 36.6 nm is quite small than the observed
cubic size estimated from Figure 1(f). As sectional aligned
small grain size formed on the substrate/film interface as
shown in Figure 1(c). The calculated grain size shows the
average effect on the film.

The texture coefficient TC
(hkl), which represents the tex-

ture of the particular (hkl) plane of a film, was well known as
[27]

TC
(hkl) =

Im
(hkl)

Io
(hkl)
÷
1

𝑁

𝑁

∑

1

Im
(hkl)

Io
(hkl)
, (2)

where Im
(hkl) and Io

(hkl) are the measured and referenced
peak intensities in JCPDS of the diffraction peak from the

Table 1: Texture coefficient TC(002) and TC(101) for samples S1 to S3.

Sample Thickness (nm) TC(002) TC(101)

S1 154 2.44 0.30
S2 385 2.07 0.52
S3 1089 0.66 1.74
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Figure 4: The conduction properties of ZnO thin films with dif-
ferent deposited thicknesses: (a) the sheet resistance 𝑅sh, (b) carrier
concentration, and (c) Hall mobility 𝜇.

(hkl) plane. The number 𝑁 is the total number of reflection
peaks. The calculated (002) and (101) texture coefficient val-
ues TC

(002)
and TC

(101)
were shown in Table 1. For thin

INZO sample S1, the TC
(002)

has the highest value. The
main structure is (002) plane. The dominant (002) plane
phenomenon can be observed in several thin ZnO films
[24, 27]. The preferential orientation of c-axis for thin INZO
leads to the enhancement of high TC

(002)
values. As the film

thickness increases, the TC
(002)

value decreases and TC
(101)

value increases. The preferred texture changed from (002) to
(101) with the film thickness increasing. The texture change,
whichmay probably be due to the growthmode variance [24],
results in the corresponding surface morphology difference
as shown in Figures 1(d)–1(f).

The sheet resistance (𝑅sh), concentration, and mobility
(𝜇) for the INZO films with different thickness are shown in
Figures 4(a), 4(b), and 4(c), respectively. To verify the stability
of the films, these properties were tested again after one
month later and the quantity variation less than 12% was
observed.The sheet resistance decreases as the film thickness
increases. From Hall measurement, p-type conduction was
characterized for sample S1 and S2 while the n-type conduc-
tion was characterized for sample S3. The p-type concentra-
tion around 2 × 1019 cm−3, which is near the reported In-
N codoped ZnO film values [16, 19, 20], reveals the efficient
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Figure 5: SIMS depth profile of sample S3.

nitrogen incorporation in ZnO film [21]. For the thickest
sample S3, the n-type conduction around 1 × 1020 cm−3 can
be observed. Compared with sample S2, an enormous change
for sample S3 in carrier density from p-type to n-type would
require a large carrier compensation mechanism.

In order to clarify the element composition in this INZO
film, SIMS depth profile was carried out on sample S3 as
shown in Figure 5. The content of In and N as well as Zn and
O remains constant throughout the whole film was observed.
No obvious In andN composition variation in the film.As the
film morphology and preferential orientation change as the
film thickness increases, different chemical states may occur
with different thickness and dominate the film conduction.

Figure 6 shows the room temperature PL spectra of the
three samples. For sample S1, as shown in Figure 6(a), a near
band edge emission with peak wavelength 376 nm can be
observed [28–30]. This broadened emission may split to two
peaks afterGaussian fitting process [29]. Dominant peakwith
wavelength 376 nm (3.30 eV) is attributed to near band edge
emission of bound neutral donors (D∘X). Another emission
peak with fitted peak wavelength around 388 nm (3.20 eV)
can be observed in the figure. This peak, which is near the
reported peak at 384 nm, may be attributed to the complex
defects and arises from the energy transition between donor-
acceptor pairs (DAP) [29–31]. A small peak around 425 nm
(2.92 eV) can be observed in the figure. Lots of emissions
originating from interstitial zinc-related defects were found
in this range (415–470 nm) in the p-type Al-N codoped ZnO
film [22]. The emission at 425 nm may be attributed to the
transition related interstitial zinc-related defect (Zni).

A visible emission with peak wavelength 500 nm
(2.48 eV) can be observed. This peak is attributed to the
singly ionized oxygen vacancies [VO

+

] [29, 31, 32] or zinc
interstitial [33] and can be observed in the p-type N doped
ZnO [33].

For sample S2, similar emission peaks can be observed.
The increasing of emission intensity ratio of D∘X/DAP can be
observed. Besides, broadened emissionwith peakwavelength
around 520 nm (2.38 eV) can be observed.The emission with

Table 2: The activation energies 𝐸
𝐴

for different samples.

Sample Activation energy 𝐸
𝐴

(eV)
S1 0.144 (T = 300K–350K)
S2 0.139 (T = 300K–390K)
S3 0.029 (T = 300K–390K)

peak wavelength 498 nm as seen in sample S1may be inclosed
in this broadened emission band. This green emission which
can be observed in many ZnO film [28, 29] is attributed to
the transition of conduction band to the oxygen antisite state
[OZn] [28], radiative optical transition in interstitial oxygen
[Oi] [29], or the zinc vacancy [VZn]-related defect transition
[28, 32].

For sample S3, with film thickness increasing, the emis-
sion intensity ratio of D∘X/DAP increases more and the
fitted bandwidth for DAP decreases. An emission with peak
wavelength 415 nm (2.99 eV) can be observed.This emission,
which still lies in the spectral range as mentioned (415–
470 nm), was attributed to certain Zni defects [22]. Compare
with sample S2, the appearance of the peak reveals that some
certain Zni defects were enhanced for thick INZO films. As
the ionization energy for this n-type defect Zni is only 50meV
[34], high electron concentrationmay come from such defect
state at room temperature.

For further understanding the carrier conduction mech-
anism, temperature-dependent conductivity measurement
was carried out for all samples. For the semiconductor film
with grain structure, the film conductivity may be affected
by the grain size and electronic mean free path [35, 36]. To
estimate the effect of grain boundary scattering, themean free
path 𝑙 for carriers in the film can be calculated as [35]

𝑙 = (
ℎ

2𝑒
) (
3𝑛

𝜋
)

1/3

𝜇, (3)

where 𝑛 and 𝜇 are the carrier concentration and mobility,
respectively. The calculated values at room temperature are
17 nm (S1), 22 nm (S2), and 5 nm (S3), respectively. These
results all are less than the crystalline grain size𝐷, suggesting
that the contribution from the grain boundary scattering
mechanism at room temperature can be neglected.

Figure 7 shows the conductivity measured with different
temperatures for samples S1 to S3. For semiconductor with
electrical conductivity dominated by the activation of doping
level, the relationship between electrical conductivity 𝜎 and
the measurement temperature 𝑇 is given by [26]

𝜎 = 𝜎
0
exp (−𝐸𝐴
𝑘𝑇
) , (4)

where 𝜎
0
is the preexponential factor, 𝑘 is the Boltzmann

constant, and 𝐸
𝐴
is the activation energy. The calculated 𝐸

𝐴

values were listed in Table 2.
For S1, two different regions in different temperature

ranges can be observed. This suggests the presence of two
different sorts of conductionmechanism in sample S1. Activa-
tion energy values for region I (300K to 350K) and II (360 to
390K) were calculate, respectively, from the linear portions.
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Figure 6: Room temperature PL spectra for samples (a) S1, (b) S2, and (c) S3. The Gaussian fitting curves at different spectra ranges were
shown.

Theobtained𝐸
𝐴
values are 0.144 eV and 0.491 eV, respectively.

For region I, this activation energy value is quite near the
reported 0.135–0.14 eV for the N-doped ZnO [37, 38] and
thus was assigned as the defect complex of O-site N-Zn
vacancy (NO-VZn) [39]. The shallow acceptor coming from
this complex takes p-type concentration contribution in
region I.

In region II, the obtained active energy value is relatively
small compared with the band gap energy of ZnO. Besides,
the activation energy calculated from two adjacent points for
S1 in region II increases with temperature. This behavior and
energy value, which have been observed for other ZnO based
films [26], were corresponding to the grain boundary related
scattering. With temperature increasing, the conductivity
increases as the increasing of carrier concentration. For S1,
the conductivity enhancement of 2.4 times can be observed
as the temperature increases from room temperature to 87∘C
(1000/𝑇 = 2.78K−1). If the concentration increases 2.4 times
also with a little mobility drop, the mean free path at 87∘C is

then estimated to be 26 nm. In this case, themean free path of
carriers in sample S1 in region II is larger than the grain size
𝐷; the grain boundary related scattering cannot be neglected.
In this case, the conductivity 𝜎 controlled by grain boundary
can be described as [40, 41]

𝜎 =
𝑞
2

𝑁𝐷

√2𝜋𝑚∗𝑘𝑇

exp(−𝐸𝐵
𝑘𝑇
) , (5)

where𝑁 is the carrier concentration, 𝐷 is the grain size, 𝑚∗
is the effective mass, and 𝐸

𝐵
is the mean barrier height across

the grain boundary. The inset in Figure 7 shows the plot of
ln(𝜎𝑇1/2) versus 1000/𝑇 for S1 in region II.The barrier height
𝐸
𝐵
of the film was found to be 0.51 eV. The conductivity

for S1 in temperature range II (360K–390K) is controlled
by the grain boundaries. The disordered grain boundaries
with trapping state will capture carriers. The conductivity
thus is controlled by the transition ability for carriers passing
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Figure 7: Conductivity measured at different temperatures for the
ZnO films with different deposited thicknesses.

through the barrier and the conduction mechanism is grain
boundary scattering.

For sample S2, a linear relation can be observed in
Figure 7. The extracted activation energy by (4) is 0.139 eV.
This value, which is near the previous 0.144 eV, reveals the
same conduction mechanism for S2 and S1 in region I, which
is dominant by the acceptor complex of NO-VZn.

For the thickest sample S3, a linear relation can be
observed in Figure 7 also. The extracted activation energy by
(3) is 0.029 eV. There is no nitrogen-related state associated
with such low activation energy [37–39].This activation value
may correspond to the origin donor level for the indium
doped ZnO (0.026 eV) [26] or the interstitial Zni-related
complex (0.031 eV) [40]. This shallow donor level, which
caused the measured n-type conduction also, dominates the
conduction mechanism for the thickest sample S3.

For thick INZO film, the grain size becomes bigger. The
effect of hole accumulation in Si substrate interface [42]
reduceswith the increasing of film thickness. Besides, effect of
grain boundary becomes less and the preferential orientation
changes also with the increasing of film thickness. The p-
type conduction enhanced by grain boundary related states
becomes less [42, 43]. Both reduce the acceptor concentration
and the shallow donor state corresponding to the interstitial
Zni-related complex which has dominant effect on the con-
duction mechanism for this thick INZO film.

4. Conclusion

In conclusion, INZO thin films were prepared by spray pyrol-
ysis, and the effects of film thickness on structure and surface
morphology were studied. The thin INZO films showed
preferential orientation along the (002) plane with tiny flake
morphology. For INZO film with thickness 1089 nm, the
preferential orientation was shifted to (101) plane with cubic-
like morphology. The conduction type shows p-type for
thin film and changes to n-type for the thick film after

the Hall measurement. From the activation analysis coming
from the temperature-dependent conductivitymeasurement,
the nitrogen-related acceptor state and the grain boundary
scattering dominate the p-type conduction for thin film. The
change fromp-type to n-type conduction for thick INZOfilm
was characterized by the photoluminescence and activation
energy analysis as the appearance of Zn-related shallow
donors.
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ZnO et ZnO dopé a l’indium, obtenues par procédé pyrosol,”
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Monodisperse magnetic Fe3O4 nanoparticles (NPs) with the size of ca. 3.5 nm were prepared and used as the catalysts for the
synthesis of vertically aligned carbon nanotube (VACNT) arrays. A silicalite-1 microcrystal monolayer was used as the support
layer between catalyst NPs and the silicon substrate. Compared to our previous report which used radio-frequency- (rf-) sputtered
Fe2O3 film as the catalyst, Fe3O4 NPs that were synthesized by wet chemical method showed an improved catalytic ability with less
agglomeration.The silicalite-1 crystal monolayer acted as an effective “buffer” layer to prevent the catalyst NPs from agglomerating
during the reaction process. It is believed that this is the first report that realizes the vertical alignment of CNTs over the zeolite
monolayer, namely, silicalite-1 microcrystal monolayer, instead of using the intermediate anodic aluminum oxide (AAO) scaffold
to regulate the growth direction of CNT products.

1. Introduction

Carbon nanotubes (CNTs) have become the target of intense
study owing to their unique nanostructure-dependent phys-
ical and chemical properties [1]. These distinctive character-
istics arise from their different atomic structures and sizes.
For example, CNTs can be either metallic or semiconducting
according to their helicity and diameter [2]. The latter can
also influence their mechanical properties, which can have
a significant impact on their promising applications in many
potential fields, such as nanoelectronic devices [3], composite
materials [4], hydrogen storage media [5], and field emission
devices [6].

Although not all the reported applications will require
large scale CNT use, there are still some where the mass
production of CNTs is strongly in demand. As a result, there
is a need for facile and inexpensive approaches for the large
scale production of CNTs. For some applications, such as
scanning probes [7] and sensors [8] and field emitters in
nanoelectronics [9], vertically aligned CNT (VACNT) arrays
are particularly required through control and optimization of
the diameter, wall structure, and areal density of CNTs.

A range of techniques have been developed for VACNT
synthesis, such as HiPco [10], fluidized bed [11], and chemical
vapor deposition (CVD) [12], and CVD has proven to be the
most effective one. Although the growth of VACNT reduces
or eliminates the necessity of postprocessing the as-produced
CNTs, it is still dependent on the use of expensive substrate
materials and deposition equipment, such as electron beam
evaporation, which reduces the potential for scaling-up CNT
production.

An important issue impeding such growth is the limited
thermal stability of nanoparticles (NPs), because they tend
to agglomerate into larger ones at elevated temperatures
through atomic interdiffusion, also known as “Ostwald
ripening” [13]. This will result in catalyst clusters without
monodisperse diameters and quantifiable areal densities so
that it is hardly to achieve self-oriented CNTs perpendicular
to the substrate. Therefore, an efficient substrate that can
stabilize catalyst NPs at high temperatures is necessary.
Many templates, such as porous anodic aluminum oxide
(AAO) [14] and block copolymer micelles [15], have been
used.
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Figure 1: Synthesis of VACNT arrays on a silicalite-1 monolayer-assembled Si wafer using the synthesized Fe
3
O
4
NPs as the catalysts.

In this study,we reported a simple approach that used pre-
made monodisperse Fe

3
O
4
nanoparticles (NPs), ∼3.5 nm in

size, as the catalysts and self-assembled silicalite-1 monolayer
as the support layer to synthesize VACNT arrays by catalytic
CVD (CCVD). The difference of this study from others is
that the silicalite-1 microcrystals were self-assembled on the
silicon (Si) wafers in the form of a monolayer to be used as a
“buffer” layer, instead ofAAOscaffold [16] orAl

2
O
3
layer [17],

to support Fe
3
O
4
catalyst NPs. As far as we know, this is the

first report on the synthesis of VACNTs using well-oriented
zeolite monolayer to replace other commonly-used templates
mentioned above as the support layer.

2. Experimental

2.1. Preparation of Fe
3
O
4
NPs. Monodisperse Fe

3
O
4
NPs

were prepared using the method reported elsewhere [18].
Briefly, 1mmol Fe(acac)

3
, 5mmol 1,2-hexadecanediol

(HDD), 4.5mmol oleic acid (OA), 3mmol oleylamine
(OAm), and 10mL phenyl ether (PE) were mixed and heated
under reflux for 30min with vigorous stirring under a mild
nitrogen (N

2
) flow. Subsequently, the black mixture was

cooled to room temperature by removing the heat source.
The product was then precipitated with ethanol, centrifuged,
and redispersed several times in hexane, resulting in a fine
hexane dispersion of Fe

3
O
4
NPs.

2.2. Self-Assembly of Silicalite-1 Monolayer onto the Si Wafer.
A silicalite-1 microcrystal monolayer was simply assembled
using a previously reported procedure [19]. Briefly, Si wafers
(1 cm × 1 cm) were cleaned thoroughly, and immersed in a
diluted hydrofluoric acid solution to eliminate the oxidized
surface. They were then rinsed with distilled (DI) water
and dried in a high-purity N

2
steam. To self-assemble the

silicalite-1 microcrystals on the Si wafer, an ethanol solution
of poly(ethylenimine) (PEI) was first spin-coated on the
substrate. Approximately 5mg of silicalite-1 microcrystals
was gently rubbed on the wafer by a finger for 30 s to
form a monolayer. Mild sonication of the coated wafer for
several seconds in DI water is essential for removing the
crystals physically-adsorbed on themonolayer. Subsequently,
the silicalite-1-assembled Si wafers were dried byN

2
, and they

are signified as Z/Si.

2.3. Synthesis of VACNT Arrays by CCVD. To prepare the
catalyst-supported substrate, one drop of a hexane dispersion
of Fe
3
O
4
NPs was dropped onto Z/Si. The substrate is desig-

nated Fe
3
O
4
/Z/Si. After being dried in air for a short time,

the substrate was inserted into a horizontal electric tubular
furnace. Under an Ar/H

2
atmosphere, the substrates were

heated from room temperature to 973K. After pretreatment
for 10min, C

2
H
2
(10 sccm) was fed into the furnace with an

Ar/H
2
(200 sccm) flow at this temperature for CNT synthesis

and growth. C
2
H
2
was then cut off and the reactor was cooled

to room temperature under anAr/H
2
flow. Figure 1 shows the

process for synthesizing the VACNT arrays.

3. Characterization

Powder X-ray diffraction (XRD, Rigaku D/max 2500 VL/PC)
was performed using a Cu K𝛼 radiation (40 kV, 40mA, k
= 1.5418 Å). The patterns were recorded from 10 to 80∘ 2𝜃
in 0.04∘ steps with a counting time of 2 s per step. Field
emission scanning electron microscopy (FESEM) images
were collected on a SEM LEO 1530 VP microscope. High
resolution transmission electronmicroscopy (HRTEM, JEOL
JEM-3011) was carried out at an accelerating voltage of
200 kV.The samples were prepared by evaporating drops of a
sonicated ethanol suspension onto a carbon-coated lacy film
supported on a 3mm diameter, 300-mesh copper grid.

4. Results and Discussion

The synthesized Fe
3
O
4
NPs were characterized by TEM, as

shown in Figure 2. Figures 2(a) and 2(c) showed low and high
magnificationHRTEM images of the as-produced Fe

3
O
4
NPs

without further size-sorting, respectively. Clear lattice fringes
were observed (Figure 2(c)), indicating a single crystalline
structure [20]. The distance between the two adjacent planes
was ∼2.52 Å, which corresponds to the (311) plane of the FCC
structured Fe

3
O
4
.

The selected area electron diffraction (SAED) patterns
revealed six distinct rings, and the calculated d-spacings
matched well with the interplanar distances of face-centered
cubic (FCC) Fe

3
O
4
, as shown in Figure 2(b).

More than 100 NPs were measured to obtain the size
distribution, which is shown in Figure 3. The particles were
monodisperse with a size of approximately 3.5 nm, which is
also in accordance with the TEM results shown above.

According to a previous report [19], the silicalite-1 crystals
with a mean size of 1.5 × 1.1 × 0.6 𝜇m3 were assembled
onto a Si wafer in the form of a monolayer by finger
rubbing, as shown in Figures 4(a) and 4(b). Compared to the
random orientation of pristine silicalite-1 crystals shown in
the inset of Figure 4(a), Figures 4(a) and 4(b) show crystals
all with b-axes perpendicular to the Si wafer surface, which
was confirmed by the cross-sectional view, as shown in
Figure 4(c). In addition, almost the entire Si surface was
covered with the crystals. The same results were verified by
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Figure 2: (a) Low magnification TEM image, (b) selected area electron diffraction pattern, and (c) high magnification TEM image of
synthesized Fe

3
O
4
NPs (inset: a single Fe

3
O
4
NP).
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Figure 3: Size distribution of the synthesized Fe
3
O
4
NPs.

XRD patterns of monolayer-assembled and pristine silicalite-
1 crystals, as shown in Figure 4(d) and its inset, respectively.
A comparison between the two patterns revealed that only
five (0 k 0) reflection planes (k = 2, 4, 6, 8, and 10) at 8.9,
17.8, 26.8, 36.0, and 45.5∘ 2𝜃 were shown after the assembling
of the silicalite-1 crystal monolayer, as shown in Figure 4(d),
indicating the uniformorientation of themicrocrystals on the
Si wafer. This is obviously different from that of the pristine
random crystals, shown by the XRD pattern in the inset of
Figure 4(d).

VACNT arrays on the Z/Si were synthesized according to
the experimental procedures described above. Figure 5 shows
representative FESEM images of the samples. As shown in
Figure 5(a), a CNT “carpet” formed on top of the Z/Si.
From the view of the locally enlarged area, as presented
in Figure 5(b), the CNTs exhibited a vertical orientation
to a large extent. In addition, the CNTs synthesized were
typically multiwalled CNTs, and their mean inner and outer
diameters were estimated to be 7.5 and 17.5 nm, respectively,
as shown in the inset of Figure 5(b). Compared with our
previous study [19] that used radio-frequency- (rf-) sput-
tered Fe

2
O
3
film as the catalysts, the CNTs synthesized

in this study showed a great improvement. As shown in
Figure S1(a) in the Supplementary Material available online
at http://dx.doi.org/10.1155/2014/327398, CNTs synthesized
from rf-sputtered Fe

2
O
3
film showed random growth direc-

tions and distinct diameter distribution. Quite a number of
CNTs grew directly on the Si wafer surface between silicalite-
1 crystals, and even those grown on the silicalite-1 crystals
could hardly keep vertical-alignment tendency, as shown in
Figure S1(b). Moreover, some fiber-like thick products were
observed, as shown in Figure S1(a), indicating the formation
of more defects and broad diameter distribution. One expla-
nation for this phenomenon is the serious agglomeration of
catalyst NPs [19], which could be observed from Figure S2.
In Figure S2(a), the continuous Fe

2
O
3
film showed domains

of Fe
2
O
3
, with the size being approximately 15∼18 nm, which

seemed enough for CNT synthesis. However, in Figure S2(b),
the Fe

2
O
3
particles showed a strong agglomeration, leading

to even large clusters. As a result, it not only led to a lower
catalytic ability for CNT formation but also shrank areal
density of catalyst NPs, which could compromise their initial
crowding and continuous growing upward [21]. In addition,
when the catalyst clusters were too large, the role of silicalite-
1crystal layer became insignificant because the pore size of
the silicalite-1 crystals is just a few Angstroms. In contrast,
in this study, monodisperse Fe

3
O
4
NPs with the 3.5 nm size

were used, aiming at increasing the areal density [22] of the
catalyst NPs on the substrate. Moreover, H

2
used in this

study reduced Fe
3
O
4
NPs to discrete FeNPs, preventing them

from agglomeration [23] and also reduced the rate of carbon
production by dehydrogenation [24] so that themore ordered
and thermodynamically stable CNTs can be produced rather
than the less ordered and unstable soot and carbon fibers
obtained in our previous study. As shown in Figure 5, it
is confirmed that main products were MWCNTs without
thicker carbon fibers, and synthesized CNTs showed a uni-
form vertical-alignment tendency, indicating the advantage
of using smaller monodisperse catalyst NPs over rf-sputtered
ones and that of adding H

2
.

The mean diameter of the synthesized CNTs was several
times larger than the original NP size, which can be explained
by unavoidable coalescence during the heat-treatment.
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Figure 4: (a) Low magnification SEM image of the Z/Si substrate (vertical view) and as-synthesized silicalite-1 crystals (inset), (b) high
magnification SEM image of uniformly oriented Z/Si substrate (vertical view) and the pore structure on the (100) sheet (inset), (c) SEM
image of uniformly-oriented Z/Si substrate (sectional view), and (d) XRD pattern of uniformly-oriented silicalite-1 monolayer-assembled Si
wafer and as-synthesized silicalite-1 crystals (inset).
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Figure 5: Cross-sectional SEM images of vertically aligned carbon nanotube arrays synthesized from Fe
3
O
4
/Z/Si. (a) Macroscale view and

(b) enlarged view of the selected area (inset: synthesized MWCNT along with the mean diameter).

Despite this, the relatively thinner diameters compared to
the previous results suggest that silicalite-1 crystals played a
significant role in stabilizing and isolating the catalyst NPs to
prevent them from coalescing under elevated temperatures.
Therefore, the high density of NPs on the substrate could be
retained to guarantee the synthesis of VACNT arrays with
thinner diameters.

5. Conclusions

In this study, we reported the synthesis of vertically-aligned
carbon nanotube (VACNT) arrays by using monodisperse
magnetic Fe

3
O
4
NPs with the size of ca. 3.5 nm as the

catalysts and a silicalite-1 microcrystal monolayer as the
“buffer” layer between catalyst NPs and the silicon substrate.
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As far as we know, this is the first report succeeding in
VACNT synthesis using the assembled silicalite-1 monolayer
as the support layer rather than intermediate AAO scaffold
and others. Fe

3
O
4
NPs of 3.5 nm size that were synthesized

by wet chemical method showed an improved catalytic
ability and provided a large catalyst surface density. And the
silicalite-1 crystal monolayer acted as an effective “buffer”
layer to stabilize the catalyst NPs from agglomerating during
the reaction process. An ensemble of VACNT arrays was
obtained despite some disturbance of a small number of
random CNTs catalyzed from the NPs deposited directly on
the Si wafer between the gaps of the silicalite-1 crystals.
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