Journal of Nanomaterials

Nanomaterial
Properties: Size and
Shape Dependencies
Guest Editors: Grégory Guisbiers, Sergio Mejía-Rosales,
Francis Leonard Deepak, and Chang Q. Sun

Nanomaterial Properties: Size and
Shape Dependencies

Journal of Nanomaterials

Nanomaterial Properties: Size and
Shape Dependencies
Guest Editors: Grégory Guisbiers, Sergio Mejı́a-Rosales,
Francis Leonard Deepak, and Chang Q. Sun

Copyright © 2012 Hindawi Publishing Corporation. All rights reserved.
This is a special issue published in “Journal of Nanomaterials.” All articles are open access articles distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.

Editorial Board
Katerina Aifantis, Greece
Nageh K. Allam, USA
Margarida Amaral, Portugal
Xuedong Bai, China
L. Balan, France
Enrico Bergamaschi, Italy
Theodorian Borca-Tasciuc, USA
C. Jeﬀrey Brinker, USA
Christian Brosseau, France
Xuebo Cao, China
Shafiul Chowdhury, USA
Kwang-Leong Choy, UK
Cui ChunXiang, China
Miguel A. Correa-Duarte, Spain
Shadi A. Dayeh, USA
Claude Estournes, France
Alan Fuchs, USA
Lian Gao, China
Russell E. Gorga, USA
Hongchen Chen Gu, China
Mustafa O. Guler, Turkey
John Zhanhu Guo, USA
Smrati Gupta, Germany
Michael Harris, USA
Zhongkui Hong, USA
Michael Z. Hu, USA
David Hui, USA
Y.-K. Jeong, Republic of Korea
Sheng-Rui Jian, Taiwan
Wanqin Jin, China
Rakesh K. Joshi, India
Zhenhui Kang, China
Fathallah Karimzadeh, Iran
Alireza Khataee, Iran

Do Kyung Kim, Korea
Kin Tak Lau, Australia
Burtrand Lee, USA
Benxia Li, China
Jun Li, Singapore
Shijun Liao, China
Gong Ru Lin, Taiwan
J.-Y. Liu, USA
Jun Liu, USA
Tianxi Liu, China
Songwei Lu, USA
Daniel Lu, China
Jue Lu, USA
Ed Ma, USA
Gaurav Mago, USA
Santanu K. Maiti, Israel
Sanjay R. Mathur, Germany
A. McCormick, USA
Vikas Mittal, UAE
Weihai Ni, Germany
Sherine Obare, USA
Abdelwahab Omri, Canada
Edward Andrew Payzant, USA
Kui-Qing Peng, China
Anukorn Phuruangrat, Thailand
Ugur Serincan, Turkey
Huaiyu Shao, Japan
Donglu Shi, USA
Suprakas Sinha Ray, South Africa
Vladimir Sivakov, Germany
Marinella Striccoli, Italy
Bohua Sun, South Africa
Saikat Talapatra, USA
Nairong Tao, China

Titipun Thongtem, Thailand
Somchai Thongtem, Thailand
Alexander Tolmachev, Ukraine
Valeri P. Tolstoy, Russia
Tsung-Yen Tsai, Taiwan
Takuya Tsuzuki, Australia
Raquel Verdejo, Spain
Mat U. Wahit, Malaysia
Shiren Wang, USA
Yong Wang, USA
Ruibing Wang, Canada
Cheng Wang, China
Zhenbo Wang, China
Jinquan Wei, China
Ching Ping Wong, USA
Xingcai Wu, China
Guodong Xia, Hong Kong
Zhi Li Xiao, USA
Ping Xiao, UK
Shuangxi Xing, China
Yangchuan Xing, USA
N. Xu, China
Doron Yadlovker, Israel
Ying-Kui Yang, China
Khaled Youssef, USA
William W. Yu, USA
Kui Yu, Canada
Haibo Zeng, China
Tianyou Zhai, Japan
Renyun Zhang, Sweden
Yanbao Zhao, China
Lianxi Zheng, Singapore
Chunyi Zhi, Japan

Contents
Nanomaterial Properties: Size and Shape Dependencies, Grégory Guisbiers, Sergio Mejı́a-Rosales,
and Francis Leonard Deepak
Volume 2012, Article ID 180976, 2 pages
Phototriggered Production of Reactive Oxygen Species by TIO2 Nanospheres and Rods, Bianca Geiseler,
Marko Miljevic, Philipp Müller, and Ljiljana Fruk
Volume 2012, Article ID 708519, 9 pages
Functionalization of Silica Nanoparticles for Polypropylene Nanocomposite Applications, Diego Bracho,
Vivianne N. Dougnac, Humberto Palza, and Raúl Quijada
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Nanoscience and nanotechnology are among the most widely
used terms in the modern scientific and technological literature. The idea of nanotechnology appeared for the first
time in the famous talk “There is plenty of room at the bottom” given by the physicist Richard Feynman at the American Physical Society meeting at Caltech on December 29,
1959. Feynman described a process by which the ability to
manipulate individual atoms and molecules might be developed, using one set of precise tools to build and operate
another proportionally smaller set and so on down to the
needed scale. In the course of this, he noted, scaling issues
would arise from the changing magnitude of various physical
phenomena: gravity would become less important whereas
surface eﬀects would become increasingly more significant.
The term nanotechnology was originally defined by Norio
Taniguchi in 1974 as follows: “Nano-technology mainly
consists of the processing of separation, consolidation and
deformation of materials by one atom or by one molecule.”
Nanotechnology and nanoscience got started in the early
1980s with two major developments: the advances in computing power and material modeling coupled with significant advances in characterization such as the scanning tunneling microscope (STM) and the atomic force microscope
(AFM).
The field of nanoscience and nanotechnology is now
growing very rapidly. According to the UK Royal Society,
nanoscience is defined as the study of phenomena and
manipulation of materials at atomic, molecular, and macromolecular scales, where properties diﬀer significantly from
those at a larger scale. Nanotechnologies are the design, characterization, production, and application of structures,
devices, and systems by controlling shape and size at the

nanoscale. Nanomaterials cross the boundary between nanoscience and nanotechnologies and link these both areas
together. Generally, nanomaterials deal with sizes of 100
nanometers or smaller in at least one dimension. The material properties of nanostructures are diﬀerent from the bulk
due to the high surface area over volume ratio and possible
appearance of quantum eﬀects at the nanoscale. The study
of size and shape eﬀects on material properties has attracted
enormous attention due to their scientific and industrial
importance.
It is therefore a great pleasure to edit this special issue.
In this rapidly progressing area of nanoscience and nanotechnology, it is always important to highlight the most recent
and active areas that are being pursued and highlight them
to the scientific community. Thus, this special issue brings
to fore several such closely related yet diverse areas that
encompass this field and are actively being investigated. The
papers that appear in this special issue have been grouped
according to their themes: size eﬀect on mechanical properties, size eﬀect on catalytic properties, and so forth.
The eﬀect of size in the structural and electronic properties of quantum dots, using DFT calculations, is the topic
of study of the paper “A first-principle study of B- and
P-doped silicon quantum dots,” by J. Zeng and H. Yu; they
found that the structural distortions on the quantum dots
depend both on the kind of dopant and on the size of
the dots. The paper entitled “Cubic-to-tetragonal phase transitions in Ag–Cu nanorods” by F. Delogu and M. Moscia
describes molecular dynamics simulation results concerning
the structural phase transition of the Ag–Cu nanoalloy.
W. W. Zhang et al., also using a computational approach,
investigate the size dependence of the resonant frequencies in
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silicon nanowires, and their molecular dynamics simulations
show that, at small sizes, surface reconstruction aﬀects
greatly the vibrational properties of the nanowires; you can
find these results in the paper “Study on vibration behavior
of doubly clamped silicon nanowires by molecular dynamics.”
The paper by C. H. Wong and V. Vijayaraghavan showcases
the nanomechanics of single- and double-walled carbon
nanotubes using molecular dynamics simulations. Also
investigating elastic properties, D. X. Lei take a more analytical approach to study the properties of nanocontacts in the
paper “Elastic analysis for nanocontact problem with surface
stress eﬀects under shear load.” The mechanical behavior of
a microcantilever has been investigated by X. Wang and F.
Wang in the paper “Size-dependent dynamic behavior of a
microcantilever plate.” D. Bracho et al. investigate the use of
silica nanoparticles in the preparation of nanocomposites
in the paper “Functionalization of silica nanoparticles for
polypropylene nanocomposite applications,” where they report
interesting dependencies of the mechanical properties of
nanocomposites on the size of silica particles. The size
and shape dependencies on the melting temperature of
gallium nitride has been discussed by D. Arivuoli and
P. Antoniammal while the size and shape dependence of
ferromagnetism in nanomagnets has been discussed by Y. Li
et al. The paper entitled “Magnetic properties of FePt nanoparticles prepared by sonoelectrodeposition” by N. H. Nam et al.
describes the method of sonoelectrodeposition as a facile
method to successfully synthesize large quantities of ferromagnetic Fe45 Pt55 nanoparticles. The synthesis and colloidal
stability of Fe3 O4 magnetic nanoparticles which can have
potential applications for hyperthermia are highlighted in
the paper “Eﬀect of tetramethylammonium hydroxide on
nucleation, surface modification and growth of magnetic
nanoparticles” by A. L. Andeade et al. In the paper “One-step
method for preparation of magnetic nanoparticles coated with
chitosan,” K. M. Gregorio-Jáuregui et al. propose another
simple method for the production of magnetic nanoparticles.
The eﬀect of size in the catalytic properties of gold nanoparticles supported on glassy carbon is investigated in the
paper “Glassy carbon electrode-supported Au nanoparticles for
the glucose electrooxidation: on the role of crystallographic
orientation,” by M. Guerra-Balcázar et al. The eﬀect of size
and shape on the toxicity of gold nanoparticles has been
investigated by Y. Zhang et al. The catalytic properties of
platinum nanoparticles have been studied by J. R. Applegate
et al. in the paper entitled “Catalysis of methanol-air mixture
using platinum nanoparticles for microscale combustion.” The
study done by M. M. Mahlambi et al. shows that m-TiO2
nanocatalyst has the potential to be used in water treatment
processes for the degradation of pollutants using solar energy
as the source of irradiation energy.
The review paper “Spark plasma sintering of metals and
metal matrix nanocomposites” by N. Saheb et al. describes the
spark-plasma-sintering process as an eﬀective method to
generate successfully a wide variety of metals, alloys, and
metal matrix nanocomposites. The work of J. Koruza et al. on
the paper “Top-down processing of NaNbO3 nanopowder”
focuses in the establishment of a straightforward method to
produce nanopowders with a fair control on the size of the
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particles. The synthesis of quantum dots has been discussed
in the paper “Polycation-capped CdS quantum dots synthesized in reverse microemulsions” by K. Lemke and J. Koetz.
The synthesis of Zn-ZnO core-shell particles was described
and characterized by López et al. The optical properties of
silicon nanoparticles embedded in a matrix have been investigated by A. Coyopol et al. The thermoluminescence properties of diﬀerent diameter ZnS Nanoparticles are described
in the paper entitled “Particle size eﬀect on TL emission of
ZnS nanoparticles and determination of its kinetic parameters”
by L. R. Singh and S. D. Singh. The production of reactive
oxygen species under the light irradiation of two diﬀerent
types of TiO2 nanocrystals has been studied by L. Fruk et al.
The paper on biomineralization processes by S. Sprio et al.
describes the synthesis of hybrid hydroxyapatite/collagen
scaﬀolds for bone and osteochondral regeneration. Finally,
let us present an application using nanoparticles; a passive
capacitor sensor using SnO2 nanoparticles is presented by M.
Agarwal et al. for the detection of ethylene gas.
As the reader may realize, the papers that conform this
issue are connected not only by the nature of the systems
that are being investigated, and by the techniques used for
synthesis and measurement, but also for the emphasis on
size eﬀects on the properties of their subjects of study. We
believe that we are living in an exciting age where these size
dependencies oﬀer both challenges and opportunities, and
that, if we take the appropriate approach, this will give us
more room for discoveries and applications, even more than
the plenty of room that Feynman was thinking on.
Grégory Guisbiers
Sergio Mejı́a-Rosales
Francis Leonard Deepak
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We present the study of reactive oxygen species production under the light irradiation of two diﬀerent types of TiO2 nanocrystals.
Both TiO2 spheric NPs and anisotropic nanorods were investigated using activation of the horseradish peroxidase enzyme and
subsequent substrate oxidation into a fluorescent product. The influence of the surface ligand dopamine was also explored to shed
more light on the eﬀect of catechol binders on the photoactivity of TiO2 species.

1. Introduction
In recent years, anisotropic nanostructures such as nanorods,
nanodiscs, cubes, or prisms [1] have started to attract more
attention not only of researchers working in the field of
materials science and synthetic chemistry but also biochemistry and cancer research [1–3]. Anisotropic structures have
a range of properties such as large surface plasmons, which
can often be tuned by changing the shape and size during the
growth process [4]. Therefore, they are interesting candidates
for design of diﬀerent sensors, photovoltaic devices, or
bioactive elements (Au rods in cancer treatment) [5, 6]. The
plasmonic bands of Au nanorods, for example, can be tuned
by the length of the rods, which can enable design of powerful
SERS sensors or plasmonic solar cells [7–10]. Recently, they
were also used as biocompatible, optically active absorbers
and scatterers for targeted photodiagnostics and as contrast
agents for biological imaging [11, 12]. In addition, anisotropic nanomaterials can possess diﬀerent chemical aﬃnities
and therefore enable assembly of larger structures through an
end-to-end binding under certain conditions [13, 14]. Furthermore, their high surface-to-volume ratio results in a high
density of active surface reagents enabling further modification and improved catalytic action [15].
Titanium dioxide (TiO2 ) has found numerous applications in photovoltaics [16], sensor [17] and new material

design [18] and catalysis [19]. Nanoscaled semiconducting
TiO2 has also been shown to induce the production of reactive oxygen species (ROS) such as hydroxyl (OH) and peroxy
(HO2 ) radicals, superoxide anions (O2 − ), and hydrogen
peroxide (H2 O2 ) [20], upon the light irradiation in aqueous
solutions, the amount depending largely on the size [21] and
the morphology of the nanostructures [22]. Recently, Sayer
and coworkers have shown that anatase form of TiO2 produced more ROS species than the rutile after being exposed
to the UV irradiation therefore rendering it more cytotoxic
[23, 24]. Several in vitro studies have demonstrated that ROS
produced by light triggered activation of TiO2 nanospheres
can induce oxidative damage of DNA strands [25–27]. Due
to these properties, TiO2 nanomaterials can be used for
application in photodynamic cancer therapy (PDT), where
the tumor cells containing TiO2 species can be destroyed by
ROS produced upon light activation [28, 29]. However, most
of the ROS studies performed until now have been done
using commercial Degussa P-25 and, to our knowledge, no
systematic studies of the ROS production of anisotropic TiO2
nanostructures have been reported. Furthermore, the eﬀect
of the catechol based surface binding molecules has not been
explored. Herewith, we present the study and the comparison
of ROS production between spherical and anisotropic rod
TiO2 as well as the influence of the bound catechol moieties
onto the amount of phototriggered reactive species.
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2. Experimental Section
2.1. Materials and Instrumentation. All chemicals were purchased from Sigma Aldrich and used without further purification. Horseradish peroxidase (HRP) type VI-A was used
for ROS experiments. The UV/Vis absorption spectra were
recorded using a CARY50 UV/Vis spectrophotometer (Agilent Technology, Germany). The TEM images were obtained
on a Philips CM200 FEG/ST electron microscope. Malvern
Zetasizer Nano instrument (Malvern, UK) was used to perform dynamic light scattering (DLS) and zeta potential measurements. FT-IR measurements were performed using a
Bruker IFS88 FTIR-spectrometer (Bruker Corporation, Germany).
2.2. Synthesis of TiO2 Nanoparticles
2.2.1. Diethylene Glycol TiO2 Nanoparticles (TiO2 NPdeg).
TiO2 nanoparticles were prepared using a protocol by Wang
et al. with slight modification [30]. Briefly, 0.2 mL titanium(IV) chloride was added to 6 mL of DEG under vigorous stirring and inert atmosphere at 60◦ C. The suspension
was heated at 75◦ C until the solution became clear. Then,
0.1 mL ddH2 O was injected into the solution and further
refluxed at 160◦ C for 3 h. After cooling to the room temperature, 15 mL acetone was added to aid the NP precipitation.
The NP solution was centrifuged and washed several times
with acetone to remove residual surfactants. The average size
of obtained nanoparticles, determined by TEM, was 3 nm.
2.2.2. Synthesis of Oleic Acid/Oleylamine TiO2 Nanoparticles
(TiO2 NPole). TiO2 nanoparticles were prepared using a
protocol by Seo et al. [31] resulting in the dispersion of, in
average, 3 nm TiO2 in toluene.
2.3. Synthesis of TiO2 Nanorods. TiO2 nanorods (TiO2 NR)
were prepared using a protocol by Seo et al., but under
diﬀerent reaction times [31]. In a typical synthesis, 0.55 mL
titanium(IV) chloride was added at 250◦ C to a solution of
3.21 mL oleic acid and 24.8 mL oleylamine. The reaction
mixture was heated to 270◦ C under water cooling. After 2.5,
4, 6, and 8 hours, the reaction was quenched by the addition
of cold toluene (6 mL) and then the reaction mixture was
allowed to cool to room temperature. White or brownish
TiO2 nanorods were obtained by the addition of an excess of
acetone. After centrifugation (10 min at 5000 rpm), the white
powder was redissolved in 3 mL toluene and precipitated
with 7 mL ethanol. These washing steps were performed
three times. The nanorods were characterized by TEM.
2.4. Surface Modification of the TiO2 NR. TiO2 NRs
(1.00 mg) were suspended in 2 mL toluene, followed by addition of 3.00 mg dopamine hydrochloride (DA) in 2 mL water.
After five seconds, a color change from colorless to brown
was observed indicating the formation of the charge transfer
complex. The reaction mixture was further stirred overnight
at 22◦ C. After purification by centrifugation (3x), the residue
was dispersed in ddH2 O (TiO2 NR + DA).
2.5. Radical Oxygen Species Determination. For ROS measurements, we have used an assay previously described by
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Fruk et al. [32] for CdS quantum dot nanoparticles, based
on the activation of horse radish peroxidase (HRP) in
presence of fluorogenic substrate 10-Acetyl-3,7-dihydroxyphenoxazine (Ampliflu Red). Ampliflu Red solution was
prepared according to the manufacturer’s instructions as a
10 mM stock in DMSO. Standard 96-well plates were used to
load them with desired amounts of various TiO2 NC. The
samples were always prepared as 1 mg/mL stock solutions
in KPi buﬀer (50 mM KH2 PO4 , 50 mM K2 HPO4 , pH =
7.0). Four diﬀerent volumes were investigated (0, 1, 50, and
100 μL). When the samples were in the wells (150 μL), the
plate was placed bellow the 4 W UV handheld lamp and
irradiated for 30 minutes at 366 and 254 nm. The distance
between the plate and the light source was 3 cm. Immediately
after irradiation, HRP was added (37.6 μL, 1.33 μM) followed
by addition of Ampliflu Red (10 μL, 0.9 mM). The plate
was mixed in a Synergy H1 Hybrid Multi-Mode Microplate
Reader for additional five minutes prior to the fluorescence
measurements (λex = 540 nm, λem = 585 nm).
2.6. Infrared Spectroscopy. FT-IR spectra of TiO2 powders
before and after ligand exchange procedures were measured.
2.7. Transmission Electron Microscopy (TEM). The TEM
samples were prepared by ultrasonic dispersion of the particle solution in toluene on a carbon support film (3 nm, TED
Pella Inc., California). TEM experiments were performed
using a Philips CM200FEG/ST microscope. Debye diﬀraction patterns were analyzed using the method described in
the literature [33]. The diﬀraction pattern of anatase and
rutile were simulated using the JEMS software package.

3. Results
3.1. Synthesis and Characterization of the TiO2 Nanorods.
The nanorods were prepared using a high temperature,
oleylamine-oleic acid protocol by Seo et al. [34] but introducing longer reactions time. We were interested in exploring
if the prolonged reaction time has an eﬀect of the size
and the shape of the nanostructures obtained. Titanium
(IV) chloride (TiCl4 ) precursor was added to oleic acid and
oleylamine, refluxed at 270◦ C and the morphology of prepared nanostructures was checked in regular intervals. 3 nm
spherical TiO2 NPs were obtained after 30 minutes (data
not shown), but after additional reflux, only TiO2 nanorods were present in the suspension. Samples taken after 2.5,
4, 6, and 8 hours of reflux have been imaged by TEM and
it was observed that uniformly shaped NRs were obtained
(Figure 1).
Mean length and widths were determined by manually
measuring the dimensions of 100 rods in each sample and
the data are summarized in Table 1. It can be clearly seen
that 17 nm NRs are already formed after 2.5 hours and
there was no significant change in length or width after the
increased growth time or after the further addition of the
TiCl4 precursor.
These results are in slight contradiction with previously
reported work by Ge et al. [35] where prolonged refluxing
favored the formation of larger needle-like TiO2 particles.
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8h
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Figure 1: TEM images of TiO2 NR obtained by oleic acid-oleylamine high-temperature method after (a) 2.5, (b) 4, (c) 6, and (d) 8 hours of
reflux.

Table 1: Dimensions of produced TiO2 nanorods using oleylamineoleic acid protocol.
Heating period (hours)
2.5
4.0
6.0
8.0

Mean length (nm)
17.0 ± 5.0
17.0 ± 4.0
17.0 ± 4.0
16.0 ± 4.0

Mean width (nm)
3.20 ± 1.2
3.60 ± 0.6
3.60 ± 0.6
3.60 ± 0.6

However, it should be noted that we have used diﬀerent
solvents (oleic acid oleylamine versus water) as well as diﬀerent titanium precursor (TiCl4 versus TiSO4 ), which resulted
in diﬀerent kinetics of the crystal growth. The crystallinity
of the prepared NRs was confirmed by Debye diﬀraction
pattern and the obtained curves were in a good agreement
with the anatase form (SI, See Figure S1 in supplementary
material available online at doi:10.1155/2012/708519). Prepared NRs were further characterized by UV-VIS, which
showed a broad peak centered around 270 nm (Figure 2(a)).
Previous studies reported that oleic acid is able to anchor
onto the surface of TiO2 [36], but it can be easily replaced
by the addition of strongly binding enediol ligands like
catechols [37]. Recently, we have described the synthesis of

diﬀerent bifunctional dopamine (DA) based linkers, which,
on one side, bind strongly onto the TiO2 NP surface and,
on the other, contain additional functional groups that
enable further modification [38] and preparation of biofriendly, aqueous suspensions of nanoparticles. For the same
reasons, dopamine was used to modify the surface of the
nanorods and the successful binding was determined by UVVis spectrometry and FT-IR spectroscopy. Catechol moieties
form a strong surface charge complex with TiO2 which
results in the immediate change of color upon the addition of
dopamine to TiO2 NRs. The broad absorption peak centered
around 370 nm results in excitation of an electron from the
valence to the conduction band [39].
FT-IR spectra shown in Figure 3 also confirm the successful modification of TiO2 NR surface with dopamine ligand.
Above 2000 cm−1 , TiO2 NR alone (Figure 3(b)) as well as
TiO2 NR + DA (Figure 3(c)) exhibit the intense antisymmetric and symmetric C-H stretching vibrations (at 2920 and
2850 cm−1 , resp.) of the -CH2 - groups in the hydrocarbon
moiety [36]. The vibrational band of the primary amine
positioned around 3300 cm−1 is visible in the spectrum of
pure dopamine (Figure 3(a)) and also for the dopamine
modified NR at 3250 cm−1 (TiO2 NR + DA), which indicates
that dopamine is bound to the NR surface [40]. At around
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Figure 2: UV-Vis spectra of (a) TiO2 NR synthesized by varying the reaction times and (b) after the addition of DA to TiO2 NR (8 h).

Table 2: ζ potentials of the bare TiO2 NRs and dopamine-modified
NRs.
Heating period
(hours)
2.5
4.0
6.0
8.0

Zeta average (mV)
without dopamine
13.1 ± 0.6
−6.50 ± 0.1
−22.5 ± 0.8
−39.4 ± 0.5

Zeta average (mV)
modified with
dopamine
53.5 ± 0.8
47.7 ± 0.3
44.0 ± 1.0
38.7 ± 0.4

1012 cm−1 , the deformation of C=CH can be observed in
pure DA and also for TiO2 NR + DA. Below 2000 cm−1 , the
COO− antisymmetric and symmetric stretching vibrations
(characteristic band centered at 1454 cm−1 ) of carboxylate
anions [41] complexed with surface Ti centers dominate in
the spectra of the oleylamine and oleic acid capped TiO2
nanocrystals.
We have additionally characterized both unmodified and
modified TiO2 NR by measuring their ξ-potential both in
prior and following dopamine (DA) functionalization and
the results are summarized in Table 2.
The data show that there is a change of ξ-potential of the
nanorods upon the modification. More positive zeta potential confirms that the dopamine is bound through catechol
groups leaving positive amino group exposed on the surface.
Interestingly, the ξ-potential of diﬀerent unmodified NR
becomes more negative with the time of reflux, which indicates that the amount of negative charges increases. This is
probably due to the recombination of the TiO2 species and
corresponding Ti(IV) and O(II) centers on the crystal surface during the crystal growth and ripening, resulting in the
change of the atom coordination [42]. The crystallinity of
anatase crystals increases with the reflux time [35] resulting

in the formation of basic pentacoordinated surface titanium
atom and more negative surface charges.
3.2. Radical Oxygen Species Production. When a semiconductor absorbs photons with an energy greater than its band
gap, electrons can be excited to the conduction band, thus
creating electron-hole pairs [43]. Those excited electrons
can be then recombined with the species close to the surface and it has been shown that a number of radical species can be produced in aqueous environment (Figure 4).
It has been shown previously that irradiation of CdS
quantum dots [32, 44] leads to the production of superoxide
and hydroxyl radicals, which can recombine into H2 O2 in
aqueous solutions. Numerous enzymes are involved in H2 O2
metabolic cycle both as a H2 O2 generating or scavenging
agents and peroxide is an important molecular fuel for
triggering a range of oxidative reactions. In particular, heme
containing enzymes such as peroxidases or P450 utilize H2 O2
as an activating species to enable oxidation of a range of
reactions. Not only they have important metabolic function
but also have an increased application in chemical catalysis
[45]. As some of the peroxidases have found applications in
biosensing and catalysis, there is a number of fluorogenic
substrates that can be used as peroxidase substrates and the
oxidation of which results in fluorescent products in presence
of H2 O2 and the active enzyme [46].
It has been recently shown by Zhang et al. that there is
a relationship between the photocatalytic activity and the
surface phase [47]. The band gap of rutile was determined
to be around 3.06 eV and that of anatase 3.23 eV [48] which
means that UV light can be used to induce the charge separation and electron (e− )-hole (h+ ) pair generation in nanosized
structures [49]. Both can recombine with the species in
the proximity of the nanomaterials surface and, in aqueous
solution, lead to the production of superoxide (O2 −• ) and
hydroxyl (OH• ) ROS (Figure 4). These radical species can act
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Figure 3: IR (ATR) spectra of (a) pure dopamine, (b) unmodified TiO2 NR, and (c) TiO2 NR + DA.

alone as heme enzyme activators [44] or could recombine
into H2 O2 , which can be coordinated to the heme center
and induce the cascade of reactions. The nature or the ROS
species itself will be reported elsewhere as in this investigation we were interested in demonstrating that heme enzyme
can be activated upon TiO2 irradiation and the amount of
activating species quantified using enzymatic assay.
To achieve this, the nonfluorescent Ampliflu Red substrate was used [50], which is oxidized by activated HRP into
fluorescent resorufin. Commonly, H2 O2 needs to be added to
the enzyme solution to activate the heme center and enable
the substrate oxidation. However, this can be circumvented
by the addition of the semiconducting NPs, which act as light
triggered generators of the activating species.
3.2.1. Activation of HRP through Irradiation of TiO2 NPs.
Oxidation of Ampliflu Red in presence of irradiated TiO2
NPs and HRP is shown in Figure 5. To avoid any damage
of Ampliflu Red and HRP that might be induced upon prolonged UV irradiation, TiO2 NPs alone were first irradiated
with 366 nm for 30 minutes and both the enzyme and the
substrate subsequently added. It can be seen in Figure 5 that
only in case of the commercial TiO2 NP (TiO2 NPcomm),
significant fluorescence from the oxidized product can be
observed. Both TiO2 NPdeg and TiO2 NPole showed small
or no change. The reason for this lies in the size of the
NPs—both are, on average, smaller than 5 nm. Thus, the
band gap is larger [51] and requires more energy to produce
electron-hole pairs, which recombine with the surrounding

O2 and H2 O molecules to generate radical species (UVVis SI, Figure S3). For much bigger commercial TiO2 NPs
with average diameter of 20 nm, 366 nm light is energetic
enough to ensure the production of ROS species which can
activate the HRP and lead to the oxidation of the substrate.
More substrate is oxidized as more TiO2 NPs is irradiated,
indicating the increase of the activating species (Figure 5).
Control samples, where no NPs were added, showed no
significant fluorescence. When more energetic 254 nm light
source was used, increased fluorescence was observed for all
three types of NPs (SI, Figure S2a). However, interestingly,
in the case of TiO2 NPdeg, which are coated with diethylene
glycol, the fluorescence decreased with the increase of the
TiO2 NP concentration, indicating that there are some
other eﬀects, which play an important role in this case. We
hypothesize that this is due to the degradation of ethylene
glycol species upon UV irradiation with degradation products acting as radical scavengers therefore limiting the
enzyme activation [52]. This eﬀect is currently under investigation although for in situ, temporal control of the enzyme
activation, the use of 254 nm irradiation is not desirable
as it can lead to a fast degradation processes and possible
deactivation of the biological molecules.
Next, dopamine coated NPs (NP + DA) were investigated
to probe the influence of the surface ligands onto the
ROS production. Dopamine is known to be an eﬃcient
antioxidant and it has been shown that it protects neurocytes
from oxidative stress by scavenging free radicals [53]. The
ROS production of dopamine depends on the concentration,
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Figure 4: Generation of ROS under irradiation of semiconducting TiO2 NP in aqueous solution and the Ampliflu activity test for HRP
peroxidase.
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Figure 5: ROS production of three types of TiO2 NPs: (a) TiO2 NPcomm, and TiO2 NPdeg, TiO2 NPole using 366 nm light source; (b)
TiO2 NPcomm + DA, TiO2 NPdeg + DA, and TiO2 NPole + DA. Samples are background corrected; fluorescence of the sample kept in dark
is subtracted from the fluorescence of the irradiated sample.

it can act as an antioxidant at physiologically relevant concentrations and as prooxidant at high concentrations [54].
It has been demonstrated that the generation of superoxide
(O2 − ) and H2 O2 can be increased when high concentrations
of dopamine are used [55] and that the catechol and amine
groups are the main structural features responsible for the
antioxidant eﬀect [56, 57]. Figure 5(b) shows that fluorescence intensity further increases for TiO2 NPcomm despite the dopamine quenching ability, and there is no fluorescence in case of smaller, less active TiO2 . This result indicates
that there is an apparent synergistic eﬀect of the dopamine
on the surface and NPs itself for highly active NPs probably
due to the eﬀect of the size, the ligand nature, and the charge
transfer complex. The same eﬀect was observed in case of the
254 nm light irradiation (SI, Figure S2b).
We have then explored the photo-activation of TiO2
NRs. The activation of the HRP was successful in all of the

cases although the eﬃciency and the fluorescence intensity
increased as the TiO2 NRs with longer reflux times were used
(Figure 6(a)).
The reason for this lies in the increased crystallinity of the
NRs with the reflux time. Prolonged time of crystal ripening
increases the crystallinity of the rods [42] and results in
less defects and higher ability to produce the ROS. The
concentration dependence was also observed as the amount
of the activated enzyme and the oxidized substrate increased
with the increase of TiO2 NRs concentration. We have also
functionalized TiO2 NRs with DA and compared its ROS
production to the bare NRs (Figure 6(b)).
In contrast to the bare NRs, DA functionalization has a
significant eﬀect on the ROS production (Figure 6(b)). As
mentioned earlier, DA is an excellent radical quencher with
ability to scavenge ROS depending on the concentration. The
size of the nanoobjects investigated needs to be taken into
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account—NRs have a larger surface available for dopamine
binding. Surface area is approximately 4 times larger than
that of investigated spheric NPs, which means that there is 4
times more DA that can act as an eﬃcient dopamine scavenger. We are currently exploring other classes of catechol
ligands and investigate this phenomenon.
3.2.2. Light-Induced Triggering of Peroxidase Activity Using
TiO2 NRs. As the light activation allows temporal and spatial
control over the protein activity, we were interested to see
if the HPR activity be switched on and oﬀ with the light
irradiation to allow us to have controlled turn on activity.
TiO2 NR (8 h) where mixed with HRP and Ampliflu Red in
the fluorescence quartz cuvette and the fluorescence of the
resorufin measured in situ upon the light irradiation. The
results in Figure 7 show that the activity of HRP can indeed
be switched on and oﬀ with light in presence of TiO2 NRs
throughout 20 minutes. Controls in which only TiO2 NR or
HRP were used showed no such eﬀect. This indeed indicated
that such hybrid systems can be used for temporal (and
spatia, i.e., in TiO2 films) control of enzymatic activity, which
could have potential applications in catalysisi and biosensing.
At the beginning of the experiment, the increase of
fluorescence was observed when the light was switched on.
After the initial 5 minutes, the light was switched oﬀ and the
mixture kept in dark for 5 minutes during which there was
no further increase of fluorescence. Fluorescence increase
was restored again upon the subsequent irradiation proving
that the temporal control over the enzyme activity can be
achieved by addition of photoactive species.

4. Conclusion
Production of enzyme activating ROS species by irradiation
of diﬀerent TiO2 nanospecies was investigated. Commercially available and prepared TiO2 spheric nanoparticles were
compared to the crystalline TiO2 nanorods. As there is a
growing interest to use TiO2 in photodynamic, therapy, it
is crucial to understand the influence of the surface ligands
onto the ROS production. Therefore, dopamine modified

Fluorescence (a.u.)

Figure 6: ROS production of four types of TiO2 NRs: (a) bare (b) DA functionalized NRs (inset shows scale enlargement to show that there
is a small activity that can be observed). Samples are background corrected; fluorescence of the sample kept in dark is subtracted from the
fluorescence of the irradiated sample.
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Figure 7: Light-induced triggering of peroxidase activity using
TiO2 NRs. The instances at which the light is turned on and oﬀ are
labeled.

TiO2 was studied showing that there are a significant diﬀerence between nanoparticles, which showed increased activity
and nanorods, where dopamine acts as a ROS scavenger.
This is an important finding, which renders dopamine undesirable in functionalization of anatase nanorods of similar
dimensions, which are intended for use in ROS-related
reactions. Our ongoing work is directed towards synthesis
of other catechol based linkers and their eﬀect on the
phototriggered production of ROS species to aid the future
design of powerful elements for photodynamic therapy.
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Synthetic silica nanospheres of 20 and 100 nm diameter were produced via the sol-gel method to be used as filler in polypropylene
(PP) composites. Modification of the silica surface was further performed by reaction with organic chlorosilanes in order
to improve the particles interaction with the hydrophobic polyolefin matrix. These nanoparticles were characterized using
transmission electronic microscopy (TEM), elemental analysis, thermogravimetric analysis (TGA), and solid-state nuclear
magnetic resonance (NMR) spectroscopy. For unmodified silica, it was found that the 20 nm particles have a greater eﬀect on
both mechanical and barrier properties of the polymeric composite. In particular, at 30 wt%, Young’s modulus increases by 70%,
whereas water vapor permeability (WVP) increases by a factor of 6. Surface modification of the 100 nm particles doubles the value
of the composite breaking strain compared to unmodified particles without aﬀecting Young’s modulus, while 20 nm modified
particles presented a slight increase on both Young’s modulus and breaking strain. Modified 100 nm particles showed a higher
WVP compared to the unmodified particles, probably due to interparticle condensation during the modification step. Our results
show that the addition of nanoparticles on the composite properties depends on both particle size and surface modifications.

1. Introduction
Polyolefin materials have grown to a crucial role in modern
society, from daily life to high-performance engineering
applications. The low cost of production, facile and inexpensive processability, and good properties of these materials
have allowed them to replace some of the traditional more
expensive and less adaptable materials. Moreover, the addition of organic and inorganic fillers has opened a wide field
of research for new possible applications for these materials.
Over the last 20 years, there has been a strong interest
in the study and development of polymer nanocomposites,
where at least one dimension of the filler has nanometric
dimensions. The high interest for these materials is the
high eﬀective surface of the nanosized filler making it
possible to tailor and handle the properties of the material
with very small proportions of the filler. Low loadings of
silica nanoparticles (<10 wt%) in polymeric matrices can
considerably improve the performance of these materials,
such as mechanical, thermic, and barrier properties [1–3].

Traditionally, these nanocomposites have been widely
studied by using natural aluminosilicate clays, mainly
because of the high availability and low cost, with good
results. Recent studies have shown that modified clays can
reduce by 90% the permeability coeﬃcient of diﬀerent gases
at 20 vol% of clay [2]. Nevertheless, synthetic particles have
grown interest over the past decade, especially for food packaging and medicine applications, due to the absence of heavy
metals and toxins in the particles. The sol-gel method is a
good alternative for silica nanoparticle synthesis, being able
to tailor the particles geometry and size [3–6]. The mechanism of the sol-gel method, using organic silanes as precursors, starts with hydrolysis of the functional groups, followed
by condensation of the silanol groups. The mechanism is, of
course, much more complicated and includes a number of
parallel reactions such as the condensation of organic groups
from the precursor. In basic conditions, hydroxyl groups acts
as a catalysts. By controlling the pH of the reaction, it is
possible to control particle size due to the relative rate at
which both hydrolysis and condensation occur. At a high pH,

2
condensation occurs much more rapidly than hydrolysis, so
fewer nuclei will be formed and the reaction will occur by
monomer addition leading to larger particles [6].
Diﬀerent studies have demonstrated the importance of
the nanoparticles geometry and aspect ratio in the final
properties of the nanocomposite material [1, 2]. However,
aspect ratio is only one of the many diﬀerent variables that
must be taken into account in the study of these materials.
Both size and eﬀective surface of the nanofiller play a crucial
role in the mechanical, thermal, and barrier properties of the
material [3]. The level of filler dispersion within the polymer
matrix and the level of adhesion and physical or chemical
interactions between the filler and the polymer also plays
an important role in the material final properties [7]. As
discussed by Takahashi and Paul [8, 9], when untreated silica
particles were incorporated in a poly(ether imide) matrix
the permeability was increased due to the presence of voids
in the particle-polymer interface, while surface-treated silica
reduced the material permeability coeﬃcient.
Diﬀerent approaches have been developed in order to
modify silica surface functionality, such as incorporation of
compatibilizing agents such as maleic anhydride (PPgMA)
[7], in situ polymerization of the polymer matrix in the
presence of the inorganic filler [10], grafting of coupling
agents in both silica and PP [11, 12], or by grafting reactions
of the silanol groups on the surface of the silica particle with
diﬀerent compounds, such as organic silanes [13–15]. This
produces a better interaction and dispersion of the silica
particles in the polymeric matrix, and as a consequence an
improvement in the composite properties [13, 14].
The main goal of this work is to synthesize silica nanospheres with diﬀerent diameters and modify its surface by
grafting reactions with chlorosilanes with various organic
chain lengths, which will be used as filler in polyolefin matrices in order to study the materials mechanical and barrier
properties.
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added dropwise to it. The mixture was sealed and stirred for
5 h at 50 ± 2◦ C to obtain a silica sol. The solvent was then
evaporated at 70◦ C, obtaining a fine white powder which was
homogenized using an analytical mill at 10◦ C. Finally, the
powder was calcined at 400◦ C for 8 hours.
2.3. Surface Modification of Silica Nanospheres. TMCS and
DMOCS were used as grafting reactants, while heptane was
used as reaction medium. Silica nanospheres were calcinated
at 400◦ C under vacuum for 5 h in a sealed round bottom flask
in order to remove the adsorbed water on the silica surface
and isomerize the silanol groups into the more reactive
isolated silanol groups.
Heptane was poured into the flask and sonicated for
20 min in order to disperse the silica nanospheres in the
heptane. After sonication, the corresponding chlorosilane
was added into the flask, while maintaining a nitrogen atmosphere inside the flask. The TMCS modification occurred at
50◦ C for 24 h under constant stirring, while the DMOCS
modification was performed under reflux for 24 h. The
mixture was subsequently centrifuged to separate the powder
from the solvent and rinsed with clean heptane in order
to remove the unreacted chlorosilanes. The powder was
finally dried at 150◦ C under vacuum for 5 h to remove the
remaining solvent.

2. Experimental

2.4. Characterization of the Modified and Unmodified Silica
Nanospheres. The resulting silica nanospheres were characterized by TEM (JEOL 1011 operated at 100 kV) and BET
surface analysis (Micromeritics ASAP 2010 Physisorption
Analyzer, pretreatment at 200◦ C) in order to establish the
particle diameter and specific surface. Elemental analysis
(Leeman Labs Inc. CE440 elemental analyzer and Control
Equipment Corporation 440), TGA (SDT (TGA-DSC) Q600,
20◦ C/min under N2 ), and 29 Si CP MAS NMR spectroscopy
(Bruker AVANCE 300, 4 mm double resonance broadband
probe using a MAS rate of 10 KHz) were carried in order to
verify and quantify the eﬀect of the surface modification.

2.1. Materials. Tetraethoxysilane (≥98%, TEOS), trimethylchlorosilane (97%, TMCS) and dimethyloctylchlorosilane
(97%, DMOCS) were acquired from Sigma-Aldrich and used
as received. Ammonia (25%) and heptane (99%, anhydrous)
were acquired from Equilab. Polypropylene with a melt flow
index (MFI) of 7.5 g/10 min (PP-H401) was obtained from
Braskem and used as received. The antioxidant agent used in
nanocomposite preparation was a mixture (2 : 1) of Irganox
1010 and Irgafos 168.

2.5. Nanocomposite Blending. The PP/SiO2 nanocomposites
were produced by melt mixing in a Brabender Plasti-Corder
at 190◦ C and 110 RPM for 10 min. Approximately 35 g per
mixing was produced, containing PP, SiO2 nanoparticles,
and a small spoonful of Irganox 10101: Irgafos 168 (2 : 1) as
antioxidant. Mixture was then flattened in a cold hydraulic
press to solidify and was then cut into smaller pieces of ca.
5 mm.

2.2. Synthesis of Spherical Silica Nanoparticles via Sol-Gel
Method. Silica nanospheres of diﬀerent sizes were prepared
using the sol-gel method, with TEOS as the precursor. The
molar ratio of H2 O/TEOS/EtOH was held constant at 4/1/8,
while the amount of ammonia was changed for particle size
control, using a molar ratio NH3 /TEOS from 0.03 to 0.35. A
solution containing TEOS and 90% of the absolute ethanol
was poured into a 2000 mL flat-bottom vessel equipped with
a heating bath and a magnetic stirrer, while a second solution
containing water, ammonia and the remaining ethanol was

2.6. Mechanical Properties of Nanocomposites. Samples were
prepared by melt pressing of the material at 190◦ C and 50
bar in a heated hydraulic press for 5 min. Samples were then
cooled using a water cooling system, solidifying the sample
and releasing the pressure. Test samples were cut from these
sheets using a stainless steel die in a hydraulic press, obtaining a 12 cm × 1 cm and 1 mm thickness testing samples,
according to the ATSM D638. Mechanical properties were
measured using an HP D500 dynamometer with a strain rate
of 50 mm/min at room temperature. Young’s modulus was
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Figure 1: TEM images of SiO2 nanospheres synthesized via sol-gel method. (a) NS20. (b) NS100.
Table 1: Silica nanospheres diameter and specific surface.
Sample
NS20
NS100

Molar ratio NH3 /TEOS
0.03
0.35

TEM diameter (nm)
22 ± 4.3
113 ± 13.5

calculated as the slope of the linear elastic zone on the stressstrain curve. Breaking strain is defined as the last point of the
curve before the stress abruptly falls to a value of zero.
2.7. Water Vapor Permeability. Samples for barrier properties
were prepared by melt pressing the material at 190◦ C and
50 bar in a heated hydraulic press for 5 min using a 0.2 mm
stainless steel mold. The system was then cooled using a
water cooling system to solidify the samples. Circular test
samples of diameter 3.5 cm were cut oﬀ from the film.
The water vapor permeability (WVP) was measured
using the dry cup method [16]. Aluminum sample cups,
equipped with rubber o-rings, were filled with 2 g of phosphorous pentoxide and covered with a 3 cm diameter film of
the polymer sample and top secured above. The total mass of
the cups was measured and then placed in a sealed chamber
with a 90% relative humidity and 20◦ C. The mass of the cups
was measured every 24 h for a minimum of 15 days. The
daily weight uptake of each cup corresponds to the water
vapor that has permeated through the polymeric film, thus
the slope of the graph “weight versus time” corresponds to
the water vapor transmission rate. Water vapor permeability
was calculated using the formula (1) expressed below:


WVP =



e ∗ 100
dm
,
A ∗ Psat ∗ RH% ∗ PMw dt

(1)

where e corresponds to the film thickness, A is the eﬀective
area of the polymer film, Psat is the saturation pressure of
water at the given temperature, RH% if the relative humidity
at the sealed chamber, PMw is the molecular water, and dm/dt
is the slope of the weight/time curve after system has reached

BET surface (m2 /g)
287 ± 0.7
41.7 ± 0.2

the steady state condition (linear region). WVP is expressed
in mol/m·s·Pa.

3. Results and Discussion
3.1. Sol-Gel Synthesis. Two sets of silica nanospheres were
successfully synthesized via sol-gel method and characterized
by various techniques. TEM images of the spherical silica
particles synthesized are shown in Figure 1. By changing the
molar ratio NH3 /TEOS and, therefore the pH of the reaction
medium, the final size of the synthesized silica nanospheres
was controlled (Table 1), resulting particles of approximately
20 and 100 nm, named as NS20 and NS100, respectively
(NS stands for nanosilica, while number stands for particle
average diameter). A higher pH in the reaction medium
results in a higher yield due to the basic catalysis, and larger
particles due to the ionization of the condensed species
causing growth to occur by monomer addition rather than
particle aggregation [6].
3.2. Silica Surface Modification. Modification of silica nanoparticles was performed in order to improve the particlepolymer interaction when used as fillers in polyolefin nanocomposites, such as polypropylene. These modified particles
were characterized in order to establish the eﬀective addition
of carbon chains into the silica surface. Reaction occurs
in the silica surface between the silanol groups and the
alkylchlorosilane, grafting the alkylsilane to the surface of
the silica via Si–O–Si bonding releasing HCl in gas form
(Figure 2).
The solid state 29 Si CP MAS NMR spectra of the
modified and unmodified silica particles are presented in
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Figure 2: Modification of the silica surface via grafting reaction with (a) TMCS and (b) DMOCS.
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Figure 3: Solid state 29 Si CP MAS NMR spectra for the unmodified (A) and modified 20 nm particles with TMCS (B) and DMOCS (C).
The notation “R” at δ, ε and ε corresponds to methyl (TMCS) or octyl (DMOCS) groups.

Figure 3. Unmodified silica (Figure 3(A)) presents 3 characteristic peaks: −110 ppm (α), corresponding to silicon from
Si(OSi)4 , −100 (β), and −90 ppm (γ), corresponding to free
and germinal silanol groups, respectively. After modification
with both TMCS and DMOCS, the number of silanol groups
was diminished, as the line intensities β and γ were decreased
[13, 14]. Smaller peaks appear on both modifications at +15
(δ) and −16 ppm (ε and ε ). The first (δ) corresponds to the
silicon from the chlorosilanes reactants, now grafted to the
surface of the particle via Si–O–Si bonding, with 3 organic
groups attached to it (three methyl for the TMCS and two
methyl and one octyl group for the DMOCS) as presented
in Figure 2. The second chemical shift at −16 ppm (ε + ε )
corresponds to silicon from the chlorosilanes reactants that
have lost one of their organic groups, leaving a free OH
group, or attaching itself to adjacent silicon via Si–O–Si

bonding. The loss of one of these groups may occur after a
heating treatment at high temperatures, such as the drying of
the particles at 150◦ C after the modification was performed
[14]. These results confirm the success of the surface
modification of the silica surface by grafting of the organic
silanes. The absence of peaks near +30 ppm shows that all of
the unreacted chlorosilane was successfully removed in the
washing stage after modification.
Table 2 shows the results of elemental analysis of the
unmodified and modified silica particles. The low carbon
content on unmodified silica particles comes from unreacted
TEOS and etoxy groups that were not fully oxidized by
calcination of the particles (400◦ C). The carbon content
of modified silica is higher because of the grafting of
chlorosilanes on the surface of the particles containing
organic groups. For the DMOCS modified silica, the carbon
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Table 2: Carbon content from elemental analysis of silica nanospheres.
Particle size
20 nm

Derivative weight (%/ ◦ C)

100 nm

Modification
—
TMCS
DMOCS
—
TMCS
DMOCS

Carbon content (%)
0.91%
3.04%
4.74%
0.44%
0.63%
2.92%

SiO2 + DMOCS
SiO2 + TMCS

SiO2

0

200

400
Temperature (◦ C)

600

Figure 4: Derivative of thermogravimetric analysis (TGA) of
NS100 samples. Tests run 20◦ C/min under N2 . From bottom to top:
unmodified, TMCS modified, and DMOCS modified silica.

content is higher because of the large carbon chain of the
octyl group.
The incorporation of organic groups in the silica is
further confirmed by TGA of NS100 samples in Figure 4.
Results showed that unmodified silica particles lose up to
4.3% of their total mass at 200◦ C, which corresponds mainly
to adsorbed water at the hygroscopic surface, while the
TMCS and DMOCS modified silica only lose up to 2.9 and
2.7% of their mass at the same temperature. Because of the
presence of organic hydrophobic groups in the modified
silica surface, water cannot be as easily adsorbed as it is on
the unmodified silica. In the 200 to 450◦ C, unmodified silica
particles show a small linear loss, corresponding mainly to
vicinal hydroxyls condensation on the silica surface [17–19],
while modified silica also start losing the organic groups
grafted to the surface, showing a peak in the diﬀerential
weight loss curve [18, 19]. This analysis confirms that
DMOCS has a higher carbon content than TMCS modified
silica. Finally, above 450◦ C silica loses the rest of the silanol
groups, especially free silanol groups. The NS20 samples
showed similar results.
3.3. Nanocomposite Blending and Mechanical Properties.
Unmodified silica of 20 and 100 nm were used to prepare
10, 20, and 30 wt% nanocomposites with polypropylene,
whereas TMCS and DMOCS modified silica of 100 nm and

TMCS modified silica of 20 nm was used to prepare 10 wt%
nanocomposites.
Results from mechanical testing are shown in
Figure 5. For both 20 and 100 nm particles, Young’s
modulus is increased (Figure 5(a)) and breaking strain is
highly decreased with the addition of unmodified silica
(Figure 5(c)). The increase in the Young’s modulus and
decrease in the breaking strain are more significant for the
20 nm particles due to the higher specific surface of these,
with an increase in Young’s modulus up to 70% at 30 wt%.
For 100 nm particles, surface modification of the silica
did not aﬀect Young’s modulus considerably (Figure 5(b));
nevertheless, with both TMCS and DMOCS modification,
the breaking strain increased to almost twice the value of the
unmodified silica nanocomposite (Figure 5(d)). This eﬀect is
caused due to the presence of organic groups in the silica surface acting as coupling agents in the particle-polymer interface giving greater mobility to polymer molecules around the
SiO2 nanoparticles in the composite under tensile stress conditions. The TMCS modified 20 nm silica composites presented a lower increment in breaking strain than larger particles, but also resulted in an increment in Young’s modulus.
This increase in Young’s modulus could be caused by a better
adhesion level between of the modified silica surface and the
PP matrix. Similar results were obtained by Panaitescu et al.
[20] for PP/SiO2 nanocomposites using styrene-(ethyleneco-butylene)-styrene triblock copolymer as compatibilizer
between the silica nanoparticles and the PP matrix.
3.4. Water Vapor Permeability. For the water vapor permeability test, it was found that unmodified silica increases the
WVP, mainly due to the hygroscopic nature of the silica
surface, which increases the solubility factor of the vapor in
the polymer, thus increasing the permeability (Figure 6(a))
[3]. This eﬀect is greater for the smaller 20 nm particles due
to the larger specific surface, increasing the WVP up to a
factor of 6 at 30 wt% compared to the neat PP matrix.
Modification of the silica surface with alkylsilanes should
decrease the silica aﬃnity toward water by making the
silica surface more hydrophobic, therefore decreasing the
solubility factor and the permeability. Modified 100 nm silica
composites were studied (Figure 6(b)), presenting greater
permeability coeﬃcients compared to the unmodified particles, increasing WVP to twice its value compared to
unmodified silica composite. This eﬀect may be caused
due to interparticle condensation during the modification
step, forming agglomerates and increasing the polymer free
volume and creating void channels, thus increasing the
permeability for water vapor [8, 9].

4. Conclusions
Silica nanospheres of 20 and 100 nm diameter were synthesized via the sol-gel method, using TEOS as the precursor.
By changing the reaction medium pH, it was possible to
control the final size of the nanoparticles. Modification of
the silica surface was successfully performed by grafting
reactions with organic chlorosilanes. Solid-state 29 Si CP MAS
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Figure 5: Mechanical properties of modified and unmodified SiO2 /PP nanocomposites. (a, c) Young’s modulus and breaking strain of
unmodified SiO2 nanocomposites; (b, d) Young’s modulus and breaking strain of modified SiO2 nanocomposites (10 wt%).

NMR spectroscopy, elemental analysis, and TGA confirmed
the eﬀective modification of the silica surface with both
TMCS and DMOCS.
PP nanocomposites were prepared using unmodified and
modified silica particles. The addition of these particles
increases the Young’s modulus of the original PP matrix,
but it highly decreases the breaking strain of the material.
The smaller 20 nm particles had a greater eﬀect both on the
increase of the Young’s modulus and on the decrease of the
breaking strain, mainly due to the higher specific surface.
Surface modification for the 100 nm particles did not aﬀect
Young’s modulus, but considerably increased the breaking
strain of the composite due to the presence of organic
groups in the silica surface. TMCS modified 20 nm particles
showing a small increase in the composite breaking strain
and Young’s modulus due to a better adhesion level between
the modified particle’s surface and the polymer matrix. In

barrier properties, it was found that the addition of silica
increases the WVP of the material, due to the hygroscopic
nature of the silica surface. However, modification of the
100 nm silica particles did not reduce the WVP but increased
it probably due to interparticle condensation during the
modification step increasing the polymer free volume.
These results show that the addition of nanoparticles on
the final properties of the polymeric composite depends on
both particle size and surface modifications.
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[7] D. Garcı́a-López, O. Picazo, J. C. Merino, and J. M. Pastor,
“Polypropylene-clay nanocomposites: eﬀect of compatibilizing agents on clay dispersion,” European Polymer Journal, vol.
39, no. 5, pp. 945–950, 2003.

[8] S. Takahashi and D. R. Paul, “Gas permeation in poly(ether
imide) nanocomposite membranes based on surface-treated
silica. Part 1: without chemical coupling to matrix,” Polymer,
vol. 47, no. 21, pp. 7519–7534, 2006.
[9] S. Takahashi and D. R. Paul, “Gas permeation in poly(ether
imide) nanocomposite membranes based on surface-treated
silica. Part 2: with chemical coupling to matrix,” Polymer, vol.
47, no. 21, pp. 7535–7547, 2006.
[10] R. Quijada and P. Zapata, “Polypropylene nanocomposites
obtained by in situ polymerization using metallocene catalyst.
Influence of the nanoparticles on the final polymer morphology,” Journal of Nanomaterials, vol. 2012, Article ID 194543, 6
pages, 2012.
[11] H. J. Zhou, M. Z. Rong, M. Q. Zhang, and K. Friedrich,
“Eﬀects of reactive compatibilization on the performance of
nano-silica filled polypropylene composites,” Journal of Materials Science, vol. 41, no. 17, pp. 5767–5770, 2006.
[12] K. Suzuki, S. Siddiqui, C. Chappell, J. A. Siddiqui, and R.
M. Ottenbrite, “Modification of porous silica particles with
poly(acrylic acid),” Polymers for Advanced Technologies, vol. 11,
no. 2, pp. 92–97, 2000.
[13] E. Barna, B. Bommer, J. Kürsteiner et al., “Innovative, scratch
proof nanocomposites for clear coatings,” Composites Part A,
vol. 36, no. 4, pp. 473–480, 2005.
[14] H. Ishii, K. Itabashi, T. Okubo, and A. Shimojima, “Synthesis
of silicalite-1 using a disiloxane-based structure-directing
agent,” Microporous and Mesoporous Materials, vol. 139, no. 1–
3, pp. 158–163, 2011.
[15] R. Brambilla, G. P. Pires, J. H. Z. dos Santos, M. S. L. Miranda,
and B. Chornik, “Octadecylsilane-modified silicas prepared by

8

[16]

[17]

[18]

[19]

[20]

Journal of Nanomaterials
grafting and sol-gel methods,” Journal of Electron Spectroscopy
and Related Phenomena, vol. 156–158, pp. 413–420, 2007.
R. Saito and T. Hosoya, “Water vapor barrier property of
organic-silica nanocomposite derived from perhydropolysilazane on polyvinyl alcohol substrate,” Polymer, vol. 49, no. 21,
pp. 4546–4551, 2008.
E. F. Vansant, P. Van der Voort, and K. C. Vrancken, “Characterization and chemical modification of the silica surface,”
in Studies in Surface Science and Catalysis, vol. 93, Elsevier
Science B.V., Amsterdam, The Netherlands, 1995.
S. A. Kulkarni, S. B. Ogale, and K. P. Vijayamohanan, “Tuning
the hydrophobic properties of silica particles by surface
silanization using mixed self-assembled monolayers,” Journal
of Colloid and Interface Science, vol. 318, no. 2, pp. 372–379,
2008.
S. A. Kulkarni, S. A. Mirji, A. B. Mandale, and K. P. Vijayamohanan, “Thermal stability of self-assembled octadecyltrichlorosilane monolayers on planar and curved silica surfaces,” Thin Solid Films, vol. 496, no. 2, pp. 420–425, 2006.
D. M. Panaitescu, Z. Vuluga, C. Radovici et al., “Morphological investigation of PP/nanosilica composites containing
SEBS,” Polymer Testing, vol. 31, no. 2, pp. 355–365, 2012.

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2012, Article ID 387581, 8 pages
doi:10.1155/2012/387581

Research Article
Glassy Carbon Electrode-Supported Au
Nanoparticles for the Glucose Electrooxidation:
On the Role of Crystallographic Orientation
M. Guerra-Balcázar,1, 2 J. Torres-González,1 I. Terol-Villalobos,1
J. Morales-Hernández,1 and F. Castañeda1
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Copyright © 2012 M. Guerra-Balcázar 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.
Glucose electrooxidation in alkaline solution was examined using glassy carbon electrodes modified with Au nanoparticles. Au
nanoparticles were prepared following the two-phase protocol and characterized by transmission electron microscopy (TEM),
UV-Vis spectroscopy, X-ray diﬀraction spectroscopy (XRD), and cyclic voltammetry (CV). It was found that, under the study
conditions, it is possible to obtain nanoparticles between 1 and 5 nm; also it was found that the crystallographic orientation
is strongly influenced by the ratio metal/thiol and to a lesser extent by the synthesis temperature. The voltammetric response
for the electrocatalytic oxidation of glucose at carbon Au nanoparticle-modified electrode shows an increasing activity with
nanoparticles size. Electroactivity and possibly selectivity are found to be nanoparticles’ crystallographic orientation dependent.
Classical electrochemical analysis shows that glucose electrooxidation is a diﬀusion-controlled process followed by a homogenous
reaction.

1. Introduction
Glucose electrooxidation has been extensively studied for
glucose fuel cells, glucose sensor for medical applications,
and food industry [1–11]. A variety of metals as Cu, Ni, Fe,
Pt, and Au have been investigated for glucose electrocatalytic
activity, and diﬀerent results have been found: formic acid is
the main product for glucose electrooxidation on Cu, Ni, and
Fe [12–17], while glycolic acid is obtained when Pt electrodes
are employed [4]. In the case of Au electrodes the products
are, depending on media pH, gluconolactone, gluconic acid,
or gluconate [8–10]. Au single-crystal electrode modified
with Ag under potential deposition (Ag-UPD) has been
tested and showed good results for glucose electrooxidation
[6, 7]. Coming to the nanoparticles, Au shows high catalytic
activities at nanoscale level [18–20]. It has been shown that

the catalytic activity was improved using carbon electrodes
modified with Au nanoparticles [8, 9]. Furthermore carbon
electrode bearing bimetallic Au-Ag nanoparticles containing
not less than 73% Au is composed of atomically mixed Au
and Ag atoms which give improvements on electrocatalytic
activity for glucose oxidation [21]. Similar behavior has
been found for Au-Cu nanoparticles [22]. This paper
reports preliminary experimental findings suggesting that
nanoparticle size and crystallographic orientation are
important in achieving high electroactivity and selectivity
for the electrocatalytic oxidation of glucose.

2. Experimental Section
2.1. Preparation of Gold Nanoparticles. Gold nanoparticles
were prepared according to a previously published procedure
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Figure 1: (a) TEM micrograph and distribution size of M1. (b) TEM micrograph and distribution size of M2. (c) TEM micrograph and
distribution size of M3. (d) TEM micrograph and distribution size of M4. (e) TEM micrograph and distribution size of M5. (f) TEM
micrograph of M7. (g) TEM micrograph of M8.

[23]. 0.184 mM HAuCl4 ·3H2 O (J. T. Baker) aqueous
solution, which was added to 10 mL of toluene (Aldrich)
containing 0.34 mM tetraoctylammonium bromide (TOAB
98%, Fluka) as a phase-transfer agent. Dodecanethiol
(Aldrich) was incorporated to this solution as a stabilizing
agent; two Au/thiol ratios were used, 3 : 1 and 1 : 1/16
followed by the addition of an excess of NaBH4 as an aqueous
reducing agent. NaBH4 was added to the solution at two
diﬀerent addition times, 10 and 60 sec. The reaction was
allowed to proceed under constant stirring at diﬀerent
controlled temperatures for 3 h. Finally, a colored dispersion
was obtained and purified several times with ethanol (J. T.
Baker). The resulting gold nanoparticles were characterized
by transmission electron microscopy (TEM), UV-Visible
spectroscopy (UV-Vis), X-ray diﬀraction spectroscopy
(XRD), and cyclic voltammetry (CV).
2.2. Preparation of Carbon Electrodes Modified with Nanoparticles. Au nanoparticle-modified electrodes were prepared as
follows: 1 µL aliquot of thiol-Au nanoparticles in hexane was
mixed with Vulcan XC-72 and Nafion 5% ELECTROCHEM
(1 : 10 ratio) and cast onto a carbon disk (CD) followed
by natural evaporation at room temperature. To remove

the thiol stabilizing agent layer from nanoparticles, CDmodified electrodes were heated at 300◦ C for 2 h under
air atmosphere, the temperature was controlled to within
±2◦ C.

2.3. Characterization of Nanoparticles. Synthesized Au
nanoparticles were characterized using TEM, UV-Vis, XRD,
and CV. TEM characterizations were performed on a Philips
CM-200 microscope. Images and statistical treatment were
performed using the SIMM software developed by one of
us. Nanoparticle samples dissolved in hexane were cast onto
a carbon-coated copper grid sample holder followed by
natural evaporation at room temperature.
UV-Vis measurements were carried out on a HP spectrophotometer model 8453.
XRD measurements were obtained using a Bruker model
D8 Advance diﬀractometer. Spectra were collected from 10
to 50◦ at a speed of 0.0025◦ seg−1 .
Cyclic voltammetric measurements were performed
using a BAS Epsilon potentiostat/galvanostat (Bioanalytical
Systems), with a conventional three electrode cell. An
Hg/HgO was used as reference electrode and a Pt wire as the
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Table 1: Summary of sizes and plane orientation ratio as a function of synthesis conditions.
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Figure 2: Nanoparticle size versus Au : thiol ratio, reducing agent
addition rate, and synthesis temperature.

600

800

1000

Wavelength (nm)

Dodecanethiol ratio
10 s/10 ◦ C

400

M8
M7
M2
M4

M5
M6
M3
M1

Figure 3: UV-Visible spectra for Au nanoparticles.

counter electrode. All potentials were referred to this electrode. The electrolyte solution was purged for twenty minutes with high-purity nitrogen before taking measurements.
Glucose was used at various concentrations ranging from
0.00625 to 0.1 M in 0.1 M NaOH.

3. Results and Discussion

nanoparticles size. Core size for the highest Au/thiol ratio
is about three times smaller than the lowest Au/thiol ratio
(Table 1 and Figure 2).
Taking into account the measurements uncertainty, there
is no significant size variation at the 60 seconds reducing
agent addition time (Table 1 and Figure 2).

3.1.1. TEM Characterization. Figures 1(a)–1(g) show TEM
micrographs of the synthesized Au nanoparticles (labeled as
M1 to M8), their population core size, and their average
size. The synthesis conditions are summarized in Table 1.
Synthesis of Au nanoparticles can be easily controlled to
obtain nanoparticles with a suitable size and low dispersion.

3.1.3. UV-Visible. It is well known that Au nanoparticles
have surface plasmon (SP) resonance absorption bands in the
visible region. SP resonance bands are strongly dependent
on the size, shape, composition, and dielectric properties of
nanoparticles and their local environment. Figure 3 shows
UV-Visible spectra from Au nanoparticles in hexane. Results
are in agreement with the literature [23]; only nanoparticles
having a size greater than 1.5 nm present the Plasmon band.

3.1.2. Influence of Reducing Agent Addition Rate and Temperature. It is known that the addition rate of reducing agent
aﬀects the nanoparticles size [24]. We have synthesized the
Au nanoparticles using two diﬀerent addition times.
For the 10-second reducing agent addition, it was found
that the greater the Au/thiol ratio, the smallest core size
is obtained regardless of synthesis temperature; at least
temperature seems to have less influence than Au/thiol ratio
on nanoparticles size. Increasing temperature tends to reduce

3.1.4. XRD Characterization. Figure 4 shows the diﬀractograms for the diﬀerent Au nanoparticles synthesized. One
can see the presence of two signals corresponding to (111)
and (200) crystallographic plane orientation. The intensity
of signals means the proportion of each orientation present
in that particular nanoparticle. As for nanoparticles size,
the main factor influencing the orientation plane is the
Au : thiol ratio (Table 1, Figure 4(b)). We can see that the
higher the Au-to-thiol ratio, the more intense the (111) signal

3.1. Characterization of Au Nanoparticles

Journal of Nanomaterials

5
3500

3000
(111)

2500

(200)
2500

2000

Lin (counts)

Lin (counts)

(200)

1500
1000

2000
1500
1000

500
0

(111)

3000

500
0

10

20

30

40

50

0

60

10

15

20

25

30

CV
M1
M5

35

40

45

50

2θ scale

2θ scale
M2
ST

M8
M7
M3

A1
M4

(a)

2.5

(111) : (200) ratio

2
1.5
1
0.5
0

0

5

10

15

20

Dodecanethiol ratio
10 s/10 ◦ C
60 s/10 ◦ C

10 s/50 ◦ C
60 s/50 ◦ C
(b)

Figure 4: (a) XRD spectra for the Au nanoparticles. (b) (111) : (200) ratio versus Au : thiol ratio.
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is (Figures 4(a) and 4(b)). Results suggest that we can, by
controlling the synthesis conditions, obtain the desired size
and suitable crystallographic plane orientation in the Au
nanoparticles.
3.1.5. Electrochemical Characterization. We have used cyclic
voltammetry for the Au nanoparticles electrochemical characterization. Figure 5(a) shows the response of both electrodes Au polycrystalline and a carbon electrode modified
with Au nanoparticle in 0.1 M NaOH. We can see the typical
Au response with the formation and reduction of Au oxides.
Figure 5(b) shows the electrocatalytic activity of a carbonmodified electrode with Au nanoparticles in presence of
glucose and gluconate in 0.1 M NaOH.
Figure 6 shows the typical Au nanoparticle responses in
the presence of glucose in 0.1 M NaOH. All the nanoparticles

capped onto carbon electrodes gave similar electrocatalytic
activity. Nevertheless some diﬀerences arise from Figures 6
and 7. As can be seen, the current peak is a function of Au
nanoparticle size with an apparent maxima around 6-7 nm.
Moreover, peak current is also a function of crystallographic
orientation meaning at least that the electrocatalytic activity
of carbon modified with au nanoparticles depend on the
plane orientation of Au nanoparticles (Figures 6 and 7).
Results suggest that selectivity could also be plane orientation
dependent.
Figure 8(a) shows a classical electrochemical analysis
(voltammograms not shown). The peak current versus
glucose concentration plot gives a linear correlation with the
highest slope for carbon-modified electrode with nanoparticles suggesting a lower poisoning of electrode surface than
massive Au electrodes. In Figures 8(b) and 8(c), the analysis
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shows an irreversible process and the possibility of coupled
chemical reactions.

4. Conclusions
It was found that Au nanoparticles supported on glassy
carbon presented a catalytic activity and selectivity towards
glucose oxidation, depending on the particle size and on the
crystallographic orientation.
Results also suggest that oxidation process in these
conditions is taking place with lower poisoning of the surface
in the case of the Au nanoparticles than for massive gold, and
that this process is irreversible, with perhaps some chemical
reactions involved in the overall oxidation process.
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Nanoparticles of magnetite (Fe3 O4 ) were obtained by reacting ferric chloride with sodium sulphite, through the reductionprecipitation method. The eﬀects of adding tetramethylammonium hydroxide (TMAOH) during or after the precipitation of the
iron oxide were studied in an attempt to obtain well-dispersed magnetite nanoparticles. Accordingly, the following experimental
conditions were tested: (i) precipitation in absence of TMAOH (sample Mt), (ii) the same as (i) after peptizing with TMAOH
(Mt1), (iii) TMAOH added to the reaction mixture during the precipitation of magnetite (Mt2). Analyses with transmission
electron microscopy (TEM), X-ray diﬀraction, Mössbauer spectroscopy, attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR), zeta potential, and magnetization measurements up to 2.5 T revealed that magnetite was normally
formed also in the medium containing TMAOH. The degree of particles agglomeration was monitored with laser diﬀraction
and technique and inspection of TEM images. The relative contributions of Néel and Brownian relaxations on the magnetic heat
dissipation were studied by investigating the ability of suspensions of these magnetite nanoparticles to release heat in aqueous
and in hydrogel media. Based on ATR-FTIR and zeta potential data, it is suggested that the surfaces of the synthesized magnetite
particles treated with TMAOH become coated with (CH3 )4 N+ cations.

1. Introduction
Studying fundamental properties of synthetic analogous
magnetite (Fe3 O4 ) nanoparticles keeps drawing much scientific attention and technological interest mainly due to
their actual and many potential uses on data storage [1, 2],
biolabeling, and on the separation of biomolecules [3, 4].
Most of those applications require chemically stable and
uniformly sized nanoparticles that will be well dispersed
in liquid media. Usually, a protection layer on the particle
surface is necessary to ensure their chemical stability and
improve their dispersion ability, in order to increase the
surface area to volume ratios. Fe3 O4 nanoparticles are
inherently unstable and tend to spontaneously aggregate to
minimize their high surface energies.

Stable concentrated suspensions of magnetic nanoparticles in either organic or inorganic solvents are known
as magnetic fluids or ferrofluids [5]. Magnetic fluids were
firstly synthesized in 1964, by Papell [6]. They behave as a
functional fluid and have increasingly found technological
applications in a variety of fields, such as electronic packing,
mechanical engineering, aerospace, and bioengineering [7].
Over the recent years, new ferrofluids and their derivatives
have been developed for medical diagnosis and therapeutic
practices in oncology, specifically, in these cases, for materials
with magnetic ferrofluid hyperthermia (MFH) [8, 9], and for
many other biomedical technologies [10–13].
Hyperthermia is a physical phenomenon that fundaments a medical practice in cancer therapy. The practice
consists in selectively heating the malignant tumor, by
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placing the magnetocaloric material closely to or in direct
contact with the aﬀected internal organ of human body.
Those organs tend to have fewer blood vessels and are less
oxygenated than health ones. Consequently, they are more
sensible and die when the local temperature goes above 43◦ C.
The heat dissipation from magnetic particles is caused
by the delay of the relaxation of the magnetic moment
through either the rotation within the particle (Néel) or
the rotation of the particle itself (Brownian), when they
are exposed to an AC-magnetic field with magnetic field
reversal times shorter than the magnetic relaxation times of
the particles [14]. In 2009, Suto et al. [14] showed that the
relative contribution between Néel and Brownian relaxations
varies depending upon the particle size. Diﬀerently from
the Brownian relaxation, the heat dissipated through Néel
relaxation is not influenced by viscosity of the medium. For
example, if the viscosity of the medium is high or if the
rotational degree of freedom of the particle restricted, the
heat dissipated may either diminish or even completely seize.
It is always necessary to determine the relative simultaneous
contribution of heat from Néel and Brownian relaxations,
to estimate the possible minimum and maximum heat that
could be generated with in vivo experiments.
Berger et al. [15] have successfully prepared a ferrofluid of Fe3 O4 by reacting iron (II) and iron (III) ions
in an aqueous ammonia solution with the addition of
tetramethylammonium hydroxide (TMAOH), in order to
chemically stabilize the magnetic nanoparticles in a colloidal
suspension. Cheng et al. [16] have synthesized ferrofluids
of magnetite by coprecipitating iron (II) and iron (III)
ions in an aqueous solution alkalinized with TMAOH.
According to Jolivet et al. [17], TMAOH acts as a surfactant
to nanoparticles by absorbing the cationic species at the
surface OH groups thus creating an electrostatic repulsion
layer surrounding the particles keeping them apart. On the
other hand, a number of earlier studies by Yang et al. [18–
23] on hydrothermal synthesis of TiO2 [18–22] and α-Al2 O3
nanoparticles [23] confirmed that TMAOH plays a very
active peptizing role, enhancing the state of dispersion and
the crystallinity of the synthesized materials.
In the present work, Fe3 O4 nanoparticles were synthetized via precipitation of partially reduced ferric chloride
with sodium sulfide, in an alkaline solution. The eﬀects
of adding TMAOH either during the precipitation or after
the synthesis of magnetite on the characteristics of the
nanoparticles and on the colloidal stability of the suspensions
will be discussed in this report.

2. Experimental Procedure
2.1. Reagents. All chemicals used, such as iron (III)
chloride hexahydrate, FeCl3 ·6H2 O (Riedel-de Haen,
France); sodium sulfite, Na2 SO3 (Sigma–Aldrich, Japan);
ammonium hydroxide, NH4 OH (Fluka, Germany); 25%
aqueous tetramethylammonium hydroxide solution,
C4 H13 NO·5H2 O (TMAOH) (Aldrich, Germany, Japan) and
hydrochloric acid, HCl (Sigma-Aldrich) were of analytical
grade and used as received.
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2.2. Synthesis of Iron Oxide Nanoparticles. Samples of Fe3 O4
nanoparticles were obtained via the reduction-precipitation
method, following the procedure described in details elsewhere [24]. In one of them, the iron ions solution was
alkalinized with ammonium hydroxide and the particles were
peptized with TMAOH. In the other, the iron ions solution
was directly alkalinized with the peptizing agent (TMAOH),
as described below.
2.2.1. Alkalinizing with Ammonia. 30 mL of a FeCl3 .6H2 O
stock solution containing 0.5 mol L−1 (dissolved in
0.5 mol L−1 HCl), 20 mL of a Na2 SO3 stock solution
with 1 mol L−1 , and 50.8 mL of a NH4 OH solution diluted
to a total volume of 800 mL were used. Just after mixing Fe3+
and SO3 −2 , the color of the solution changed from yellow to
red and, after few minutes, the yellow color reappeared. A
diluted ammonia solution was then quickly poured into the
mixture under vigorous stirring; a black precipitate was then
formed. Stirring continued for an additional 30 min. The
pH of the solution was monitored to be maintained at 10.0
± 0.1. The suspension containing the precipitated powder
was centrifuged at 2,000 rpm for 3 min; the supernatant was
discarded. This procedure was repeated for five times by
redispersing the resultant cakes in distilled water, each time.
The as-obtained precipitate sample was labeled Mt. The Mt
nanoparticles were peptized with TMAOH. Typically, 1 mL
of 25 mass% TMAOH solution was added to each centrifuge
tube containing an amount of wet cake corresponding to
about 1 g of dry powder and re-dispersed by stirring with
a thin glass rod until obtaining homogeneous suspensions.
These suspensions were then dried to obtain the powders
for the diﬀerent measurements. This sample peptized with
TMAOH was labeled Mt1.
2.2.2. Alkalinizing with TMAOH. In this case, magnetite
nanoparticles were synthesized in the same way as described
above, but alkalinizing was made by quickly pouring 25
mass% TMAOH solution until a pH of about 10.0 ± 0.1 was
obtained. A precipitate was formed. The mixture was stirred
for further 30 min. The obtained suspension was centrifuged
at 2,000 rpm for 3 min, and the supernatant was discarded.
This procedure was repeated five times by redispersing the
resultant cakes in distilled water. The centrifuged cakes
were dried to obtain the powders to be used for further
characterization. The obtained solid sample, precipitated in
medium containing TMAOH, was labeled Mt2.
2.3. Characterization Techniques. For transmission electron
microscopy analysis (TEM), a drop of the suspension of the
magnetite sample was placed onto a copper mesh coated
with an amorphous carbon film and then dried in an
evacuated desiccator. TEM micrographs were recorded on a
transmission electron microscope (Hitachi, 9000 NA, Japan)
and the particle size was measured with the software Image
J. The crystalline phases were determined by X-ray powder
diﬀraction (XRD) analysis (Rigaku Geigerflex D/Max,
C Series; CuKα radiation; 2θ angle range 20◦ –70◦ ; step
0.02 s−1 ) after evaporation of the liquid carrier. Phases were
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identified by comparing the experimental X-ray patterns
with standard files compiled by the International Centre
for Diﬀraction Data. The Rietveld structural refinement
was performed with FULLPROF 2010 program. Mössbauer
spectra were collected in constant acceleration transmission
mode with a ∼50 mCi 57 Co/Rh gamma-ray source. Spectra
at 298 K and 100 K were obtained with a spectrometer
equipped with a transducer (CMTE model MA250)
controlled by a linear function driving unit (CMTE model
MR351). Values of Mössbauer isomer shifts are quoted
relatively to α-Fe. The experimental reflections were fitted
to Lorentzian functions by least-square fitting with software
NORMOS-90 (this NORMOS package was developed by R.
A. Brand, Laboratorium für Angewandte Physik, Universität
Duisburg, D-47048, Duisburg-Germany). The ATR–FTIR
data were collected with a FT-IR model Mattson Galaxy
S-7000, 32 scans, and resolution of 4 cm−1 .
The determination of zeta potential (ξ) was performed
on a COULTER DELSA 440SX, by using a stock suspension
of the ground material in deionized water, prepared and
homogenized by ultrasonication for 15 min. Drops of this
stock suspension were then added to an aqueous solution
of KCl 10−3 mol L−1 for the zeta potential measurements.
The pH of the measuring solution was varied and adjusted
to several values, in the pH range of 3.5 to 10.5, by using
10−3 mol L−1 aqueous solutions of KOH and HNO3 .
The agglomerate grain sizes in suspension were
determined by dynamic light scattering (DSL) using a
Zetasizer Nano ZS instrument (Malvern Instruments
Ltd., UK) that allows specific measurements of the zaverage diameter (defined as the intensity-weighted average
hydrodynamic diameter of the particles being measured).
An aliquot of a stock suspension of the ground material
in deionized water was prepared and homogenized by
ultrasonication for 5 min. The used water was purified by
passing through a 0.22 μm Millipore filter. The z-average
diameter was calculated as the average of six measurements.
The DC magnetic measurements were performed on
powder samples (100–150 mg) using a vibrating sample magnetometer (VSM) with a cryogen-free magnet (cryogeniccryofree), at the University of Aveiro, Portugal. Typical hysteresis curves were obtained at 300 ± 0.1 K with a magnetic
field varying between −2.5 and 2.5 T. The magnetic parameters such as saturation magnetization (Ms ), coercivity (Hc ),
and retentivity (Mr ) were obtained from the VSM results.
Heat dissipation experiments were carried out by transfering the suspensions with dispersed magnetite in both
water and hydrogel into a test tube. This tube was placed at
the center of a three-loop coil of the VSM equipment, consisting of a power supply (Nova Star 5 kW RF Power Supply,
Ameritherm, Inc, Scottsville, NY, USA) and a heating station
(Induction atmospheres). The sample concentration was
approximately 2 mg mL−1 in water and 2 mg g−1 in polyvinyl
alcohol hydrogel. In the hydrogel dispersed samples, rotation
of particles was restricted and the magnetic moment relaxed
only through Néel relaxation. The temperature of the
magnetic suspension was measured with an optical fiber
thermometer. Results were taken as the mean of triplicate
measurements.
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The polyvinyl alcohol hydrogel was based on the method
earlier proposed by Hyon et al. [25], with minor modifications. A homogeneous polyvinyl alcohol (PVA) solution
with a PVA concentration of 15 wt% was obtained by heating
the mixture of PVA and a mixed water/dimethyl sulfoxide
(DMSO) solvent at 140◦ C for 2 hrs. The mixing ratio of water
to DMSO was kept to 20/80 by weight. Then the casted PVA
was placed in a freezer at −20◦ C for 24 h.

3. Results and Discussion
Centrifuging the just formed precipitate, still in aqueous
suspension, in order to finally obtain the Mt2 sample, at
2,000 rpm for 3 min was found to be enough condition to
separate the solid particles from the liquid phase, whereas
for the corresponding Mt1 sample, centrifugation even at
12,000 rpm for 6 min was insuﬃcient to separate the two
phases. This suggests that Mt2 particles are coarser and/or
strongly agglomerated than Mt1.
The obtained Mt, Mt1, and Mt2 samples were black
in color and exhibited magnetic behavior, as it could
be observed from their response to the magnetic field
of a small hand magnet. The Mt1 suspension kept their
colloidal characteristics for up to 5 months with negligible
sedimentation in this ferrofluid. Contrarily, the Mt2 sample
was completely sedimented when the ferrofluid flask was in
rest for 1 h, evidencing again the coarser and/or aggregated
nature of its particles.
The z-average diameter of the Mt, Mt1, and Mt2 samples
in water was as follows: 243.7 ± 18.59, 85.86 ± 2.736,
and 1,906 ± 495.8 nm, respectively. The large individual or
aggregated grains, as observed for sample Mt2, explains the
reason by which it sedimented even faster than the Mt1
sample. The Mt1 ferrofluid is also much better dispersed
than Mt and Mt2.
Figure 1 shows TEM images of Mt, Mt1, and Mt2
nanoparticles. The mean particle size diameters for the
samples Mt, Mt1, and Mt2 were found to be about 5.7 ±
2.9 nm, 5.8 ± 2.7 nm, and 9.7 ± 6.4 nm, respectively. The
mean size of the particles/aggregates is larger in the case
of Mt2 sample. The higher tendency of particles in sample
Mt2 to be aggregated can be explained by the bigger particle
sizes but also by their higher crystallinity (Figure 2), well
favored by the addition of the peptizing agent (TMAOH).
Larger particles of well-crystallized magnetite in which the
bulk properties supersede surface properties, and they are
expected to magnetically attract more strongly each other.
Hosono et al. [26] suggested that the bigger particles could
be a consequence of higher concentration of charged ions in
the solution since agglomeration between particles occurs by
shrinkage of electric double layer. Moreover, the role of the
ionic strength on the particle size also is largely dependent
on the nature of the electrolyte. The smallest cations being
the best screening ions, their influence on the surface charge
is highest. The surface of iron oxides is negatively charged
at pH > PZC (point of zero charge). These characteristics
explain the strong influence of NH4 + on reducing particle
sizes, as compared to the [N(CH3 )4 ]+ cations, and also on
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Figure 1: TEM micrograph of samples: Mt, Mt1, and Mt2.
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Figure 2: X-ray diﬀraction patterns of samples: Mt, Mt1, Mt2, and
magnetite (ICDD file no. 019-0629).

preventing particles aggregation. This interpretation is in line
with that of Bacri et al. [27, 28], who proposed a decreasing
stability of the iron oxide nanoparticles as a consequence of
a decrease of the electrical double layer thickness around the
particles, driven by the increased ionic strength of the media
upon adding TMAOH.
The crystalline structure of the synthesized iron oxide
species analyzed by powder XRD (Figure 2) shows that Fe3 O4
was identified in these Mt, Mt1, and Mt2 samples. The most
intense reflections for this phase were registered at 2θ =
30.095◦ , 35.423◦ , 43.053◦ , 57.22◦ and 62.76◦ , corresponding
to the planes of (220), (311), (400), (511), and (440),
respectively, of the iron oxide spinel. The peaks in the diﬀractograms match well with the PDF data for magnetite from
the powder diﬀraction file (PDF) from International Centre
for Diﬀraction Data (ICDD) card number 019-0629. The
average particle sizes for Mt, Mt1, and Mt2 magnetites, from
breadths of reflection 311, estimated with Scherrer equation
were 11, 10, and 13 nm, respectively [29]. From routine
powder XRD data only, it may be diﬃcult to diﬀerentiate
the coexisting maghemite (γFe2 O3 ) and magnetite (Fe3 O4 )
in a same sample since structure is cubic with relatively
close unit cell dimension. The diﬀraction patterns for both
phases are quite similar. Therefore, one might presume that
magnetite and maghemite are components of the obtained
ferromagnetic phases, as oxidation processes could not be
totally avoided during chemical synthesis and solid powder
washings and handling in air. Results in Figure 2 confirm
that the sample Mt that has not been in contact with the
peptizing agent exhibits the lowest degree of crystallinity as
it can be drawn from the noisy background and from the
broader diﬀraction peaks. Contrarily, the Mt2 sample that
has been synthesized from the very beginning in presence
of TMAOH presents the sharpest XRD diﬀraction peaks,
which is in good consistence with its coarser morphology
(Figure 1). When the peptizing agent was added to the
precipitated Mt sample, it promoted a better dispersion of
the partially amorphous nanoparticles and enhanced the
degree of spatial arrangement of the matter, thus increasing
the crystallinity. This eﬀect was reportedly proposed for
other systems [18–23]. These results suggest that, in the case
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Figure 3: Peptization exerted by tetramethyl ammonium cations
adsorbed onto the surface of magnetic nanoparticles thus, creating
repulsive forces and enabling the particle growing species to be
added to the surface in an organized manner.

of Mt2, the [(CH3 )4 N]+ cations are prone to readily adsorb
specifically onto the surface of the early nuclei being formed,
as schematized in Figure 3, hindering some of them to
achieve the critical size for growing. Under this perspective,
a smaller number of eﬀective nuclei would be formed,
explaining the greater size of the resulting nanoparticles in
the case of Mt2 sample.
Mössbauer spectra obtained at variable temperatures
(Figure 4) reveal that these nanosized particles do contain
ferric iron oxides in small particle sizes, more clearly for
samples Mt and Mt2.
These magnetic nanoparticles in a liquid medium experience reorientations of the magnetization vector, in single
anisotropic magnetic domains (Néel relaxation time, τN )
but also due to viscous rotation of the particle (Brownian
relaxation time, τB ) [30, 31].
The global magnetic relaxation times (τ) of colloids are
the sum of the Néel and Brownian relaxation rates, which is
given by [31, 32]
1
1
1
=
+ .
τ
τB τN

(1)

These relaxations explain the obtained Mössbauer spectra with a relatively intense central Fe3+ doublet along with a
magnetic sextet, as it was more clearly observed for samples
Mt and Mt2. However, lowering the sample temperature
tends to progressively block the relaxations eﬀect and
promote the magnetic ordering. The coexistence of these
two major spectral contributions, that is, superparamagnetic
and magnetically ordered patterns, in diﬀerent proportions,
means that particle sizes distributions are diﬀerent in each
case. From Mössbauer data only, the sample Mt does
contain higher proportion of smaller particles than in
Mt2, but sample Mt1 contains the highest proportion of
bigger particles of all three. The corresponding hyperfine
field distributions clearly reflect these trends. The 80 K
probability profile for sample Mt1 is considerably narrower
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Figure 4: Mössbauer spectra of Mt, Mt1, and Mt2 at (a) RT, and ( b) 80 K.
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Figure 5: ATR-FTIR spectra of TMAOH, Mt, Mt1, and Mt2.

than for the other two samples. Values of hyperfine magnetic fields at maximum probability for all these magnetic
samples steadily increase on going from 297 K to 80 K,
following values well around those expected for maghemite
(γFe2 O3 ).
The apparent contradiction with evidences from hyperthermic measurements that point to sample Mt2 as the
sample containing bigger particles than Mt and Mt1 is
explained by assuming that the Brownian relaxation rate in
sample Mt2, with more strongly aggregated nanoparticles, is
much slower so to produce a more significant hyperthermic
eﬀect. However, Mössbauer spectra are necessarily collected
with the solid sample. In this condition, the global relaxation
time is only influenced by the Néel relaxation, for which
magnitude, particularly for samples Mt and Mt2, would be
comparable or below the time-scale window for Mössbauer
spectroscopy, or ∼10−7 s.
A Mössbauer spectrum results from the hyperfine coupling arising from extranuclear electric and magnetic fields
that influence the energy levels of the probe nucleus. The
fast fluctuation of the magnetization vector between easy

directions in the monodomain nanosystem, relatively to
the lifetime decay of the 57 Fe 14.4 keV Mössbauer level,
would lead to an electric quadrupole coupling, resulting in
a spectral superparamagnetic doublet. Particles aggregation
that is promoted by coating their surface with surfactant or polymerizing organic materials may be enough
to change the hyperthermic behavior of the material
but not necessarily the hyperfine structure of the solid
material. Aggregates of fine particles may present typical
hyperthermic behavior as of bigger particles, essentially
due to the increasing Brownian reorientation energy in
the colloidal medium, but their hyperfine structure still
accounts for local interactions at the atomic nuclear
level in the superparamagnetic state of the solid material.
Figure 5 compares the ATR–FTIR spectra of the TMAOH
and of the Mt, Mt1, and Mt2 samples. The ATR–FTIR
spectrum of the TMAOH shows a strong band at 1490 cm−1 ,
assigned to the asymmetric methyl deformation mode,
δasym (CH3 ). A smaller one assigned to the symmetrical
methyl deformation mode δsym (CH3 ) appears near to
1430 cm−1 . A single band appeared at 950 cm−1 is attributed
to the υasym (C–N) mode which is generally observed in the
domain 900–1000 cm−1 [33]. The Mt sample shows a band
at 550 cm−1 . Since magnetite has an inverse spinel-type
structure, it shows bands indicating the vibrations MT –O–
MO (ν1 ≈ 600–550 cm−1 ), where MT and MO correspond to
the metal occupying tetrahedral and octahedral positions,
respectively [34–36]. The ATR–FTIR spectra of the Mt1 and
Mt2 samples also show the band at 550 cm−1 characteristic
of magnetite and the characteristic vibration of Fe-O in
maghemite (γ-Fe2 O3 ) at 690 cm−1 [37–39], as well as the
transmittance bands typical of TMAOH, proving that the
peptizing agent has been strongly adsorbed at the surface of
the nanoparticles.
Zeta potential data are a powerful tool being extensively
used to evaluate the eﬀects of the presence of surfaceactive agents in diﬀerent systems. In the present work, this
technique was also used to help evaluating the influence of
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Table 1: The ΔTmax values of the magnetite samples dispersed in
water and hydrogel under 220 Oe AC magnetic field.
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Figure 6: Variation of zeta potential of samples: Mt, Mt1, and Mt2.
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Figure 7: Magnetization curves of samples: Mt, Mt1, and Mt2.

added TMAOH on the solid/liquid interface properties of
magnetite nanoparticles. Results presented in Figure 6 show
that the pH values corresponding to the isoelectric points
(pHIEP ) of the Mt and Mt1 samples were found to be about
6.4 and 6.8, respectively. This is in good agreement with
the reported data in the scientific literature for magnetite
[40, 41]. In the Mt2 sample, the pHIEP was about 7.3. The
increase in pHIEP of the Mt1 and Mt2 samples, with respect
to that determined for Mt sample, indicates that [(CH3 )4 N]+
cations were specifically adsorbed onto the surface of the
synthesized iron oxide species [42]. This specific adsorption
is partially driven by the negative charge exhibited by
magnetite above its pHIEP (6.4) and has been apparently
more extensive when the peptizing agent was added during
the precipitation. Thus, the adsorbed [(CH3 )4 N]+ ions tend
to decrease the negative charge of the iron oxide powder at
alkaline pH range.
Magnetization curves obtained for Mt, Mt1, and Mt2
samples at 300 K are presented in Figure 7. The curves
indicate a superparamagnetic behavior, for all these samples,
as evidenced by zero coercivity and remanence on the
magnetization loop. The saturation magnetization (MS ) was
obtained from moment versus magnetic field (B) curves.
For the Mt sample, the saturation magnetization value
is 70.7 emu g−1 , being higher than values reported in
the literature (46.3 emu g−1 ) for samples prepared by the

same method [43], whereas for peptized samples Mt1 and
Mt2 with TMAOH the corresponding values are 62.8 and
63.2 emu g−1 . The magnetic saturation values of magnetite
nanoparticles are experimentally determined to be in the
range of 30–50 emu g−1 , which is lower than the bulk value,
90 emu g−1 [44]. Similar values have been obtained for Mt
sample. It was expected that the saturation magnetization
was higher for samples Mt1 and Mt2, as they have a higher
degree of crystallinity and, in the case of Mt2, a larger particle
size. The diﬀerences between the saturation magnetization
between the samples with and without TMAOH can be
ascribed to the previous presumption that magnetite and
maghemite are both present in these peptized powders with
TMAOH.
The magneto caloric behavior, influencing the heating
ability of magnetite samples Mt, Mt-1, and Mt-2, is shown
in Figure 8. For each experiment, the temperature rising
was measured for every 1 min up to an accumulated time of
20 min and then every 5 min up to 1 h. Superparamagnetic
particles generate heat by conversion of magnetic energy
into thermal energy caused by the delay in magnetic relaxation. According to the Néel model, the magnetic moment
originally locked along the crystal easy axis rotates away
from that axis, tending to align with the external field.
The Néel mechanism is analogous to the hysteresis loss in
multidomain magnetic particles whereby there is an internal
friction due to the movement of the magnetic moment in an
external field that results in heat generation. In the Brownian
mode, the whole particle rotates in the direction of the field
with the moment locked along the crystal axis. The heat
generated through Néel or Brownian relaxation in an applied
AC magnetic field depends on the size of the nanoparticles.
Smaller nanoparticles generate heat preferentially by the Néel
modell.
The amount of heat generated by pure water and
hydrogel in 220 Oe AC magnetic fields was measured to
obtain any contribution of water and hydrogel in the increase
of temperature by the dispersed nanoparticles. The whole
contribution of both pure water and gel was discounted from
the final temperature value for each ferrofluid.
The results of heat dissipation experiments of the samples
Mt, Mt1, and Mt2 dispersed in water and hydrogel are shown
in Figure 8. The ΔTmax values for magnetite nanoparticles
dispersed in water and hydrogel were determined from the
gradients of temperature-time curves obtained by exposing
the samples to an AC magnetic field strength of 220 Oe at
frequency of 198 kHz. Results are summarized in Table 1.
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Figure 8: Temperature-time curves of the samples Mt, Mt1, and Mt2 dispersed in (a) water and (b) PVA hydrogel.

The ΔTmax values for dispersed samples Mt, Mt1, and
Mt2 in hydrogel were roughly 52, 54, and 42% less than
that of the sole sample dispersed in water. The reduction in
heat dissipation was attributed to the inhibition of particle
rotation. In other words, particles should have an average
Brownian magnetic relaxation time (TB) less than room
temperature (RT) and narrow particle size distribution. This
suggested that the fraction of the particles that generated
heat through Brownian rotation was comparatively large.
The sample with an average diameter below 13 nm had large
fraction of particles dissipating heat through Néel relaxation
losses. On the other hand, the sample with average diameter
larger than 13 nm had large fraction of particles dissipating
heat through Brownian relaxation [14]. Furthermore, these
results suggested that it is important to analyze the relative
contributions of Néel and Brownian relaxations losses to
formulate the appropriate strategy for eﬀective in vivo
treatments. And also, it could be concluded that the samples
with blocking temperature below RT are more suitable for
a reliable in vivo MFH treatment. Thus, to derive at the
appropriate sample for in vivo experiments, similar study on
size-classified particles with TB less than RT and narrow size
distribution should be pursued.
Hyperthermia is a cancer therapy that consists in heating
selectively tumour in focusing organ zones. Those zones
have fewer blood vessels and are less oxygenated than health
ones. Consequently, they are more sensible and can die if the
local temperature increases above 43◦ C. Thus, a temperature
variation of ΔTmax = 11◦ C would be suﬃcient to produce
therapeutical eﬀects.

4. Conclusions
Tetramethylammonium hydroxide (TMAOH) was revealed
to be an eﬀective peptizing agent for magnetite manoparticles in ferrofluid systems based on. The [(CH3 )4 N]+ cations
specifically adsorbed onto the surface of the synthesized
iron oxide species give rise to repulsive stabilization forces
that enable the particle growing species to be added to the

surface in a more organized manner. Accordingly, when
TMAOH is added during precipitation as in the case of
Mt2 samples it promotes the formation of larger particles
having a higher degree of crystallinity, including magnetite
and maghemite. The addition of TMAOH after the magnetite
has been synthesized promotes the colloidal stability of
the nanoparticles and enhances the transformation of the
amorphous material into more ordered crystalline phases.
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[24] Â. L. Andrade, D. M. Souza, M. C. Pereira, J. D. Fabris,
and R. Z. Domingues, “pH eﬀect on the synthesis of magnetite nanoparticles by the chemical reduction-precipitation
method,” Quimica Nova, vol. 33, no. 3, pp. 524–527, 2010.
[25] S. H. Hyon, W. I. Cha, and Y. Ikada, “Preparation of
transparent poly(vinyl alcohol) hydrogel,” Polymer Bulletin,
vol. 22, no. 2, pp. 119–122, 1989.
[26] T. Hosono, H. Takahashi, A. Fujita, R. J. Joseyphus, K. Tohji,
and B. Jeyadevan, “Synthesis of magnetite nanoparticles for
AC magnetic heating,” Journal of Magnetism and Magnetic
Materials, vol. 321, no. 19, pp. 3019–3023, 2009.
[27] J. C. Bacri, R. Perzynski, V. Cabuil, and R. Massart, “Phase
diagram of an ionic magnetic colloid: experimental study of
the eﬀect of ionic strength,” Journal of Colloid And Interface
Science, vol. 132, no. 1, pp. 43–53, 1989.
[28] E. Hasmonay, A. Bee, J. C. Bacri, and R. Perzynski, “pH eﬀect
on an ionic ferrofluid: evidence of a thixotropic magnetic
phase,” Journal of Physical Chemistry B, vol. 103, no. 31, pp.
6421–6428, 1999.
[29] A. L. Patterson, “The scherrer formula for X-ray particle size
determination,” Physical Review, vol. 56, no. 10, pp. 978–982,
1939.
[30] S. Laurent, S. Dutz, U. O. Häfeli, and M. Mahmoudi,
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1 Department

of Mechanical Engineering, King Fahd University of Petroleum & Minerals, Dhahran 31261, Saudi Arabia
of Excellence in Nanotechnology, King Fahd University of Petroleum & Minerals, Dhahran 31261, Saudi Arabia
3 FCT Systeme GmbH, 96528 Rauenstein, Germany
2 Center

Correspondence should be addressed to Nouari Saheb, nouari@kfupm.edu.sa
Received 23 March 2012; Revised 4 June 2012; Accepted 4 June 2012
Academic Editor: Leonard Deepak Francis
Copyright © 2012 Nouari Saheb 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.
Metal matrix nanocomposites (MMNCs) are those metal matrix composites where the reinforcement is of nanometer dimensions,
typically less than 100 nm in size. Also, it is possible to have both the matrix and reinforcement phases of nanometer dimensions.
The improvement in mechanical properties of MMNCs is attributed to the size and strength of the reinforcement as well as to
the fine grain size of the matrix. Spark plasma sintering has been used extensively over the past years to consolidate wide range of
materials including nanocomposites and was shown to be eﬀective noneconventional sintering method for obtaining fully dense
materials with preserved nanostructure features. The objective of this work is to briefly present the spark plasma sintering process
and review published work on spark-plasma-sintered metals and metal matrix nanocomposites.

1. Introduction
Metal matrix composites (MMCs) refer to materials in
which rigid ceramic reinforcements are embedded in ductile
metal or alloy matrix. MMCs combine metallic properties
(ductility and toughness) with ceramic characteristics (high
strength and modulus). Attractive physical and mechanical
properties such as high specific modulus, strength-to-weigh
ratio, fatigue strength, temperature stability, and wear resistance can be obtained with MMCs [1, 2]. Metal matrix
Nanocomposites (MMNCs) are those metal matrix composites where the reinforcement is of nanometer dimensions,
typically less than 100 nm in size [3]. Also, it is possible to
have both the matrix and reinforcement phases of nanometer
dimensions. Recently, MMNCs received much attraction
because of their better properties compared with MMCs. The
improvement in mechanical properties is due to the size and
strength of the nanosize reinforcement. Also, the fine grain
size of the matrix contributes to the improvement of the
properties. However, achieving a uniform distribution/dispersion of the nanosize reinforcement phase is not easy
using liquid-processing methods because of the diﬀerence

in densities between the two components of the composite
besides the nonwetting between the molten metal and the
reinforcement which makes mixing very diﬃcult leading to
a heterogeneous structure that aﬀects the properties of the
composite. On the other hand, grain growth during sintering
of powder metallurgy consolidated products remains a major
problem to obtain MMNCs with desired properties [4]. The
use of solid-state processing methods such as mechanical
alloying [5–8] permitted the development of nanocomposite
materials having large volume fraction of nanosize reinforcement phase homogeneously dispersed in a nanostructured
matrix. However, the use of conventional sintering methods
such as hot pressing, high-temperature extrusion, and hot
isostatic pressing to consolidate these materials often results
in grain growth which aﬀects the properties of the end
product. Preventing or at least minimizing grain growth to
maintain the nanostructure features of the matrix is possible
through careful control of consolidation parameters, particularly heating rate, sintering temperature, and time. In this
regard, spark plasma sintering (SPS), also known as field
assisted sintering (FAST), has been shown to be eﬀective
noneconventional sintering method for obtaining fully dense
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materials [9, 10]. The objective of this work is to briefly
present the spark plasma sintering process and review
published data on spark-plasma-sintered metals and metal
matrix nanocomposites.

Pulse current

Particle

Figure 1 shows schematic of the SPS process. The sintering
machine is assisted by a uniaxial press, punch electrodes,
vacuum chamber, controlled atmosphere, DC pulse generator and position, temperature, and pressure measuring units
[11].
Control of sintering temperature is possible through
setting the holding time, ramp rate, pulse duration, and pulse
current and voltage. The DC pulse discharge could generate
spark plasma, spark impact pressure, Joule heating, and an
electrical field diﬀusion eﬀect. In SPS, sintering is assisted by
the on-oﬀ DC pulse voltage compared to conventional hot
pressing as shown in Figure 2. The application of pressure
helps plastic flow of the material. Figure 3 illustrates the flow
of DC pulse current through the particles.
Usually, SPS is carried out in four main stages as shown
in Figure 4. The first stage is performed to remove gases and

Die

2. The Spark Plasma Sintering Process
Coulomb discharge

Discharge

Figure 3: DC pulse current flow through the particles.

create vacuum. Then pressure is applied in the second stage
followed by resistance heating in the third stage and finally
cooling in the fourth stage. When a spark discharge appears
in a gap or at the contact point between the particles of
a material, a local high-temperature state of several to ten
thousands of degrees centigrade is generated momentarily.
This causes evaporation and melting on the surface of
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the importance of alleged electrical eﬀects such as sparks,
plasma, heat diﬀusion, electromigration, or electron wind
because of lack of experimental evidence of what really
happens inside samples during SPS. He concluded that spark
plasma sintering appears not to be fundamentally diﬀerent
from traditional hot pressing, except that the current leads
to a much faster heating rate. However, he reiterated the
advantages of the very high heating rates, short sintering
cycles, and low sintering temperatures that are achieved by
SPS. Very recently, some researchers [15] demonstrated that
the so-called Branly eﬀect can occur in the early stages of
the SPS treatment of preoxidized metallic material due to
inductive eﬀects generated by the applied pulsed current and
leads to the formation of melting zones between contact areas
of copper grains which can enhance material densification.

Figure 4: Spark plasma sintering stages.

3. Spark-Plasma-Sintered Pure Metals
powder particles in the SPS process, and necks are formed
around the area of contact between particles. The application
of pressure and current, in addition to the high-localized
temperatures generated through resistance pulse heating,
improves heating rates and reduces sintering time and
temperature leading to the consolidation of nanopowders
without excessive grain growth. On the other hand, the SPS
is not only a binderless process, but also does not require
a precompaction step. The powder is directly filled into a
graphite die through which current is passed and pressure
is applied leading to a fully dense material with superior
mechanical properties.
Munir and coworkers [9] have critically examined the
important features of SPS method and their individual
roles in the observed enhancement of the consolidation
process and the properties of the resulting materials. A comprehensive review on the electric current-activated/assisted
sintering (ECAS) apparatuses and methods was performed
by Grasso and coworkers [10], where the progress of ECAS
technology was traced from 1906 to 2008 and 642 ECAS
patents published over more than a century were surveyed.
An updated and comprehensive description of the development of the electric current-activated/assisted sintering
technique for the obtainment of dense materials including
nanostructured ones was provided by Orrù et al. [12].
Recently, Hulbert and coworkers [13] opened a discussion on
the presence of momentary plasma generated between particles in spark plasma sintering. Using a variety of powders
and SPS conditions, they investigated the existence of plasma
using in situ atomic emission spectroscopy, direct visual
observations, and ultrafast in situ voltage measurements.
The authors concluded that there was no plasma, sparking
or arcing present during the SPS process, either during
the initial or in the final stages of sintering. However,
they emphasized the eﬀectiveness of the SPS process to
rapidly and eﬃciently consolidate a wide variety of materials
with novel microstructures. More recently, Kieback [14]
outlined the fundamentals of spark plasma sintering and
critically reviewed past research on the topic. He questioned

Diouf and Molinari [16] investigated densification mechanisms in spark plasma sintering using commercial copper
powder with three particle size ranges (<25, 25–45, and 45–
90 μm). They found that under low initial pressure, densification was due to particle rearrangement, localized deformation, bulk deformation, and neck growth. With the increase
of pressure, sintering temperature did not significantly influence the sintered density but tensile ductility increased with
pressure applied either during or after the bulk densification.
In another study, Diouf and coworkers [17] investigated the
eﬀect of particle size on the densification mechanism in
the temperature range 600–700◦ C and pressure range 20–
30 MPa. They found that deformation and neck formation
were enhanced by an increase in the particle size. Also, they
reported that the extremely high and localized temperature
on the contact points between particles leads to melting,
giving rise to neck formation. Zhang and coworkers [18, 19]
showed that high-quality bulk compact can be obtained
through spark plasma sintering of fine copper powder in four
stages: activation and refining of the powder, formation and
growth of the sintering neck, rapid densification, and plastic
deformation densification. In another investigation, Zhang
and coworkers [20] reported that large-size ultrafine-grained
copper with improved mechanical properties having average
grain size less than 2.2 μm and a relative density greater
than 96% could be prepared by SPS process with initial
pressure of 1 MPa, holding pressure of 50 MPa, sintering
temperature of 750◦ C, holding time of 6 min, and heating
rate of 80◦ C/min. Srivatsan et al. [21] consolidated bulk finegrained copper powder using plasma pressure compaction
at two diﬀerent temperatures under conditions of electrical
pulse and noelectrical pulse. They found that pulsing of the
powders prior to consolidation led to higher microhardness.
They reported increased nanohardness and microhardness
with the increase of the temperature of consolidation.
A nanosized copper powder with an average size of
50 nm was prepared by Zhang and coworkers [22] through
a chemical reduction method and consolidated using SPS. In
their investigation, they found that the sintering temperature
has a significant eﬀect on the relative density and the yield
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Figure 5: Curves of sintering temperature versus relative density
and yield strength [22].

strength of the nanocrystalline (NC) bulk copper as it
is shown in Figure 5 [22]. They reported that when the
sintering temperature is less than 300◦ C, the relative density
of the NC bulk copper is less than 98.5%. Thus, the relative
density is the main factor to decide the yield strength, and
the yield strength increases with raising the relative density.
When the sintering temperature reaches 350◦ C, the relative
density of the NC bulk copper exceeds 99%. Hence, the grain
size becomes the main factor to decide the yield strength, and
the yield strength decreases with increasing the grain size.
Figure 6 [22] shows a typical TEM micrograph of NC
bulk copper sintered at a temperature of 300◦ C; both
nanoscale twins with wide twins spacing of about 60 nm
and narrow twins spacing of less than 2 nm were present.
The authors concluded that NC bulk copper with average
grain size of 120 nm, relative density greater than 99%, and
yield strength of nearly 650 MPa could be fabricated by SPS
with holding pressure of 600 MPa, sintering temperature of
350◦ C, holding time of 5 min, and heating rate of 100◦ C/min.
The deformation behavior of spark-plasma-sintered Ni
powders with unimodal and bimodal grain size distributions
was investigated by Holland et al. [23]. They showed that
it is possible to densify nanometric grain size Ni using
fast heating rates and somewhat high uniaxial sintering
pressures at low homologous temperatures and retain the
low starting grain sizes with little to no grain growth. In
another investigation, Holland and coworkers [24] used
scanning tunneling microscopy inside the TEM to apply an
electric current directly to agglomerated nanometric nickel
particles. Figure 7 [24] shows TEM micrographs with SAD
patterns for the same agglomerate of four to six particles
before and during the annealing experiment. The authors
noticed a transformation from the initial soft agglomerate
to a stage of early neck formation with relative particle
rotation during the first sintering stage which implies mass
transfer. Annealing for approximately 145 s at 10 V caused
rapid consolidation of the particle agglomerate.

(b)

Figure 6: TEM micrographs of NC bulk copper (a) wide twins
spacing and (b) narrow twins spacing [22].

A high-angle annular dark field image of the resulting
dense and oval-shaped agglomerate with dimensions ranging
between 300 and 600 nm and some small pores retained
in its interior is shown in Figure 8 [24]. Image analysis
revealed polycrystallinity with grain boundaries and no
apparent interconnected porosity. The authors concluded
that consolidation occurs in the absence of an external
heat source. Neck formation between adjacent particles
and attendant increase in local Joule heating causes rapid
densification.
Kodash and coworkers [25] investigated the influence of
heating rate (90 to 1100◦ C/min) on densification and final
grain structure of spark-plasma-sintered Ni nanopowders.
They found that a moderate heating rate was beneficial for
the densification, whereas a high heating rate was conducive
to a lower final density. Very high heating rates resulted in
nonuniform densification of the samples and formation of
cracks during sintering.
The sintering and mechanical behavior of spark-plasmasintered high purity nickel nanopowder was investigated by
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Figure 7: Bright-field images and SAD patterns of Ni agglomerate
before (a) and after annealing (b) for 1 min at −10 V [24].
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Figure 10: Compressive proof strength at room temperature of MG
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Figure 8: Ex situ high-angle annular dark-field image of the
agglomerate after rapid consolidation [24].

Dirras et al. [26]. Wiedemann et al. [27] studied the eﬀect
of sintering parameters on SPS of molybdenum powders
and found that specimen sintered at 1400◦ C and 67 MPa
exhibited lower hardness as compared to the specimen
sintered at same temperature but at 57 MPa. However, for
much higher temperatures, opposite trend was observed.
Kubota [28] reported great improvement in the hardness
and compressive proof stress of mechanically ground pure
aluminum sintered by SPS as seen in Figures 9 and 10
[28], respectively. Hardness values of the SPS materials
produced from 8, 32, and 64 h MG powders were higher than
that of the MG powders. Also, compressive proof stress of
the 8 h MG SPS material (440 MPa) was approximately 2.5
times higher than that of no-MG SPS material (173 MPa).
Furthermore, the values were only 20% lower than that of
conventional high-strength 7075-T6 alloy (505 MPa). Also,
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it their characterisations of the solid-state reactions between
the MG powder and process control agent (PCA) after
heating at temperatures from 573 to 873 K for 24 h, the
authors reported that no solid-state reaction was observed
after heating up to 573 K for 24 h. Formation of γ-Al2 O3
occurred in the 4 h MG powder after heating at 773 K for
24 h, whereas the mixture of γ-Al2 O3 and Al4 C3 was observed
in the 8 h MG powder after heating at 773 K for 24 h. The full
density of the SPS material was obtained with the condition
of applied pressure at 49 MPa at 873 K for 1 h.
Spark plasma sintering behavior of pure coarse aluminium powder was reported by Zadra and coworkers [29].
They showed that the presence of the current flow and
applying the sintering pressure with a certain delay in respect
to the beginning of the cycle promoted better sintering and
mechanical properties. With a heating rate of 100 K min,
a sintering temperature of 525◦ C, dwell time of 1 min,
and pressure of 60 MPa, the mechanical properties and the
fracture morphology were very similar to those of pure
annealed wrought aluminium. Fully dense pure iron with
high hardness was obtained through spark plasma sintering
Fe nanopowder [30].

4. Spark Plasma Sintered Alloys
Skiba et al. [31] studied the eﬀect of varying sintering
temperatures and heating rate in spark plasma sintering FeAl
intermetallics. They concluded that sintering temperature
of 1100◦ C and heating rates up to 400◦ C/min were the
best conditions. Matsugi and coworkers [32] investigated
the microstructural properties of SPS titanium aluminide
(Ti-53 mol%Al) at four temperatures that is 1573, 1623,
1648, and 1673 K after pulsed electrical discharge and found
that the microstructure changed with sintering temperature
and the grain growth was prevented. They reported that
Vickers microhardness values for each phase in the sintered
specimens were almost the same as those in specimens produced by other manufacturing methods. Feng and coworkers
[33] investigated the eﬀects of sintering temperature on
densification of TiB/Ti-4.0Fe-7.3Mo composites synthesized
through mechanical alloying of Ti, Fe65Mo and B powders,
and SPS. They obtained a dense composite after sintering
at 1000◦ C for 5 min. Specimens with good shape memory
eﬀect and density were prepared from Ti50 Ni50 nanopowder
through SPS at a temperature of 800◦ C [34]. Below this
temperature, specimens had high porosity but with apparent
shape memory eﬀect, while specimens sintered at higher
temperatures had bulk density and experienced extensive
oxidation which led to the loss of the shape memory eﬀect.
A high Nb containing TiAl alloy from prealloyed powder of
Ti-45Al-8.5Nb-0.2B-0.2W-0.1Y was processed by SPS [35].
The authors reported that specimens sintered at 1100◦ C
were characterized by fine duplex microstructure which
led to superior room temperature mechanical properties
with a tensile strength of 1024 MPa and an elongation of
1.16%; specimens sintered at 1200◦ C had fully lamellar
microstructure with a tensile strength of 964 MPa and an
elongation of 0.88%. Couret et al. [36] used SPS technique to

Journal of Nanomaterials
densify prealloyed Ti49Al47Cr2Nb2 and Ti51Al44Cr2Nb2B1
powders at temperatures ranging between 1100◦ C and
1250◦ C. They achieved full compaction in a short period of
time which did not exceed 30 min and reported promising
tensile properties at room temperature and a limited creep
resistance at 700◦ C. A fine-grained Ti-47%Al alloy was
prepared by double mechanical milling (DMM) and SPS
[37]. The main phase TiAl and Ti3 Al and Ti2 Al phases
were observed. Samples sintered at 1000◦ C had compressive
strength of 2013 MPa, compression ratio of 4.6%, and
bending strength of 896 MPa. Samples sintered at 1100◦ C,
had compressive strength of 1990 MPa, compression ratio of
6.0%, and bending strength of 705 MPa. The microhardness
of samples sintered at 1000◦ C was higher than that of the
samples sintered at 1100◦ C.
Amorphous NiTi alloy obtained by mechanical alloying
was sintered by SPS [38] and densified samples with Ni3 Ti,
NiTi, and NiTi2 phases were produced. Grain sizes were
retained to within 500 nm and 1 μm for sintering temperatures of 900◦ C and 1100◦ C, respectively. Figure 11 [38] shows
TEM images of two compacts [38]. The grains are equiaxed
with a size range from 50 to 500 nm in the sample compacted
at 900◦ C. From the SAD pattern, the authors found that
the grains with stripe-like structure are of the Ni3 Ti phase,
and the one devoid of any internal structure, with grain size
around 200 nm is NiTi2 . The phase with grain size less than
100 nm is NiTi phase according to XRD analysis. For the
sample sintered at 1100◦ C, areas with the stripe structure also
correspond to Ni3 Ti phase, the phase with round structure
which has been observed in SEM is NiTi2 and the grain with
dotted-spot is B2-NiTi phase.
Nb-Al, Nb-Al-W, Nb-Al-Mo, and Nb-Al-N powders
prepared by mechanical alloying [39] were sintered by
SPS. The authors obtained fully dense Nb-Al compacts
at sintering temperature higher than 1773 K. However,
the microstructure of Nb-Al-W and Nb-Al-Mo compacts
was not homogeneous; this was attributed to probably
insuﬃcient sintering time. Murakami and coworkers [40]
investigated the microstructure, mechanical properties, and
oxidation behavior of SPS powder compacts in the NbSi-B system. They found that the oxidation resistance of
Nb5 Si3 B2 compacts was better than that of Nb5 Si3 compacts,
but extremely poorer than that of NbSi2 compacts. Also,
they reported that compacts with compositions around the
line of Nb5 Si3 -Nb5 Si3 B2 -NbB2 exhibited high hardness at
room temperature and high compressive strength at high
temperatures in comparison to those with compositions
away from the line. The strength of compacts containing
NbSi2 was found to decrease with the increase of the
volume fraction of NbSi2 phase. Good quality amorphous
alloy billets having very few micropores or crystalline phase
particles were obtained through SPS of Cu-based bulk
amorphous alloy at a sintering temperature of 480◦ C under
a pressure of 80 MPa [41]. A compressive strength of 1.8 GPa
was reported which was about 6% lower than that of the
cast amorphous alloy. Shi et al. [42] studied the eﬀect of
varying SPS temperature on the properties of W-Cu alloy.
They found that the specimen sintered at 1200◦ C displayed
best mechanical properties.
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process parameters in spark-plasma-sintered Al6061 and
Al2124 alloys [49] showed that 450◦ C is the optimum
sintering temperature for achieving full densification and
highest hardness. Further increase in temperature had no
significant advantage in terms of densification and hardness
improvement. Pressure was found to have a negligible eﬀect
on the sinterability of specimens. The lowest pressure of
35 MPa at a temperature of 450◦ C produced fully dense and
hard specimens. The increase in pressure beyond 35 MPa
resulted in grain growth which decreased the hardness.
Akinrinlola and coworkers [50] produced dense
bimodal-grained aluminum magnesium alloys by spark
plasma sintering of cryomilled powders. They found that
the use of a two-stage sintering cycle did not induce grain
growth or influence the hardness and flexural strength, but
doubled the fracture strength distribution statistic (Weibull
modulus) from 13 to 25. The increased duration of the
second hold (from 5 to 20 min) marginally increased the
Weibull Modulus, from 23 to 25. Cryomilled nanostructured
Al 5083 alloy powder was consolidated by SPS [51]. The
authors observed both bimodal microstructure and banded
structure and attributed them to the starting powder and the
process conditions, which are associated with the thermal,
electrical, and pressure fields present during SPS. Also, they
used a finite element method to investigate distributions in
temperature, current, and stress between metallic powder
particles.

5. Spark-Plasma-Sintered Metal
Matrix Nanocomposites

(b)

Figure 11: TEM micrographs of as-milled amorphous NiTi
powders SPS at (a) 900◦ C/50 MPa/10 min and (b) 1100◦ C/50 MPa/
10 min. (A) Ni3 Ti; (B) NiTi2 ; (C) NiTi [38].

Researchers [43] who investigated Al-Mn-Ce system
showed that high density, high hardness, and high wear
resistance can be achieved in samples processed through
SPS. The eﬀect on compressive behavior of spark-plasmasintered Al-5 at.% Fe alloy has also been studied [44] where
substantial increase in compressive strength was reported.
Improvement in mechanical properties as a consequence of
SPS was also reported by Sasaki and coworkers [45] in AlFe alloy. Bin and coworkers [46] observed the precipitation
of two types of MgZn2 particles in spark-plasma-sintered AlZn-Mg-Cu alloy. Improvement in mechanical characteristics
after spark plasma sintering and after heat treatments was
reported in Al-Mg-Si alloy powders [47].
Fully dense Al6061 and Al2124 alloys were obtained
through spark plasma sintering [48]. The optimization of

5.1. Al Nanocomposites. Nanocrystalline Al-alloy/SiC nanocomposite powders were synthesized using high-energy ball
milling and spark plasma sintering at a temperature of 500◦ C
with a heating rate of 300◦ C/min and a total sintering
cycle of 8 min. [52]. A substantial increase of mechanical
properties was reported as a result of sintering through SPS.
Al-20 wt.% TiB2 nanocomposite was prepared by mechanical
alloying of elemental Ti, B, and Al powder mixture [53–
55] and consolidated using spark plasma sintering followed
by hot extrusion. The authors used a double-step process
to prevent the formation of undesirable phases like Al3 Ti
intermetallic compound. The prepared nanocomposite had
good thermal stability against grain growth and particle
coarsening. Extruded samples showed a hardness value of
180 VHN and yield and tensile strength of 480 and 540 MPa,
respectively [54]. A typical stress–strain curve obtained from
the extruded sample is shown in Figure 12 [54]. The Al-TiB2
nanocomposite showed a brittle behavior in tensile testing
with a total elongation of 1.4%.
Bulk Al5356-B4 C nanocomposites with large microhardness and flexural strengths of 244 HV and 707 MPa,
respectively, were fabricated through cryomilling and spark
plasma sintering [56]. Srinivasarao and coworkers [57]
developed Al-Zr nanocomposite using mechanical alloying
and spark plasma sintering. The milled powder was found
to consist of either a solid solution of Zr in Al or a mixture
of Al-solid solution and Al3 Zr phases. The nanocomposite
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to values lower than that of the monolithic alloys. In another
investigation, Al-Qutub and coworkers [63] investigated the
friction and wear behavior of Al6061 monolithic alloy and
1 wt.% CNTs reinforced Al6061 nanocomposite prepared
through ball milling and spark plasma sintering. They found
that, under mild wear conditions, the composite displayed
lower wear rate and friction coeﬃcient compared to the
monolithic alloy. However, for severe wear conditions, the
composite displayed higher wear rate and friction coeﬃcient
compared to the monolithic alloy. Also, they clarified that the
friction and wear behavior of Al-CNT composites is largely
influenced by the applied load and there exists a critical load
beyond which CNTs could have a negative impact on the
wear resistance of aluminum alloy.
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Figure 12: A typical stress-strain curve obtained from the extruded
Al-20 wt% TiB2 composite [54].

alloys exhibited a high compressive strength of 1 GPa with
10% plasticity. The authors attributed the high strength to
the retention of nanometer-sized grains and also the fine
dispersion of the Al3 Zr phase. The plasticity was explained
to be due to excellent bonding between the powder particles
and the presence of coarse Al grains in the matrix. Highly
densified carbon nanotube-reinforced aluminum nanocomposites were consolidated through spark plasma sintering
and subsequent hot extrusion [58]. The composites had
tensile strength three folds higher than pure aluminum.
Bhatt and coworkers [59] used high-energy ball milling and
spark plasma sintering to produce Al-Mg (0.5, 1, 2.5, and
5 by wt.%) reinforced with 5 wt.% SiO2 nanocomposites.
The authors found that as a result of milling the Mg was
completely dissolved into the Al matrix, the crystallite size
was decreased, and the lattice strain was increased. However,
they reported the formation of MgAl2 O4 spinel structure
along with Al2 O3 in spark-plasma-sintered samples. The
nanocomposites had Vickers hardness twice as high as that
of the microcomposites.
Saheb and coworkers [62] successfully produced carbon
nanotube-reinforced Al6061 and Al2124 nanocomposites
using ball milling and spark plasma sintering. They reported
that CNTs were better dispersed, less agglomerated, and
had good adhesion to the matrix in composites containing
1 wt.% CNTs. The increase of CNT content to 2 wt.% led
to the formation of CNT clusters which resulted in less
uniform and homogenous composite powders. Almost full
densification of Al6061 reinforced with CNTs was achieved
at 500◦ C. Also, CNTs reinforced Al2124 nanocomposites
reached very high densities at 500◦ C. Composites reinforced
with 1 wt.% CNTs displayed better densification compared
to composites containing 2 wt.% CNTs. The increase of
CNTs content from 0.5 to 1 wt.% increased the hardness of
the Al6061 and Al2124 alloys to maximum values. Further
increase of CNTs content to 2 wt.% decreased the hardness

5.2. Cu Nanocomposites. Dash and coworkers [60] reinforced
copper matrix with 5, 10, and 15 vol.% alumina particles
(average size 5.71 μm) to prepare microcomposites and conventionally sintered them under N2 , H2 , and Ar atmospheres.
Also, they reinforced the same matrix with 1, 5, 7 vol.%
alumina (average size < 50 nm) to prepare nanocomposites
and consolidated them through spark plasma sintering. The
authors reported maximum Vickers hardness of 60, 75, and
80 for Cu-15 vol.% Al2 O3 conventionally sintered in N2 , Ar,
and H2 atmosphere, respectively, and maximum hardness
value of 125 for the Cu-5 vol.% Al2 O3 nanocomposite
prepared by spark plasma sintering. Also, they observed
that Cu-Al2 O3 composite showed poor mechanical properties when it was conventionally sintered in N2 or Ar
atmosphere compared to H2 atmosphere. Hardness for
Cu-Al2 O3 microcomposites and nanocomposites fabricated
using conventional and spark plasma sintering is shown in
Figures 13(a) and 13(b), respectively [60]. Microcomposites
sintered in hydrogen showed higher hardness than those
sintered in nitrogen. The latter had hardness close to that
of microcomposites sintered in argon. The hardness of the
nanocomposites showed an increase up to 5 vol.% alumina
and then a decrease of the hardness for 7 vol.% alumina. The
authors believed that 7 vol.% alumina may facilitate higher
degree of agglomeration of alumina nanoparticles but till
5 vol.% alumina the agglomeration seems to be insignificant.
Also, 5 vol.% of alumina may resulted in eﬀective dispersion
strengthening associated with small-scale pinning in the
nanocomposite, which prevents grain growth leading to
higher hardness.
Copper and nanodiamond with 20 at.% C powders
were mechanically alloyed and consolidated via hot extrusion or spark plasma sintering to produce Cu-diamond
nanocomposites [64]. A novel fabrication technique consisting of molecular level mixing and controlled oxidation
process was proposed by Lim et al. [65] for the production of CNT/Cu nanocomposite powders. The fabricated CNT/Cu2 O nanocomposites were reduced to CNT/Cu
nanocomposite powders with H2 gas and then consolidated
through SPS. The authors reported that hot compression
enhanced the ductility, strength, and electrical conductivity of the CNT/Cu nanocomposites. In situ synthesis of
TiB2 -Cu composites [66] starting from powder mixtures
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with increasing TiB2 content [68]. Hanada and coworkers
synthesized homogeneous Cu nanocomposites containing 0–
30 at % diamond nanoparticles through mechanical milling
and spark plasma sintering followed by hot extrusion [71].
Kim et al. [72] prepared Cu matrix nanocomposites by
spark plasma sintering, high-energy ball-milled nanosized
Cu powders, and MWCNTs followed by cold rolling. The
CNT/Cu nanocomposites showed a tensile strength of
281 MPa, which is approximately 1.6 times higher than that
of monolithic Cu. In another study [73], carbon-nanotube(CNT-) reinforced Cu matrix (CNT/Cu) nanocomposites
were fabricated by a novel fabrication process, named as
molecular level process, which involves suspending CNTs in
solvent by surface functionalization, mixing Cu ions with
CNT suspension, drying, calcination, and reduction. The
nanocomposites were consolidated by SPS. The authors
reported the enhancement of hardness and sliding wear
resistance by two and three times, respectively, of the
SPS consolidated nanocomposite compared to those of Cu
matrix.
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Figure 13: Comparison of hardness for Cu-Al2 O3 microcomposites
(a) and Cu-Al2 O3 nanocomposites (b) fabricated using conventional and spark plasma sintering, respectively [60].

with full conversion into TiB2 phase was reported. The
authors used SPS to obtain a highly conductive 4.5 vol.%
TiB2 -Cu nanocomposite with 82–87% IACS (International
Annealed Copper Standard) conductivity. Synthesis of TiB2 Cu nanocomposites was reported in other studies [67–70].
Authors reported that the increase of TiB2 content from
2.5 up to 7.5 wt.% resulted in a 1.5-fold increase in yield
strength, tensile strength, and hardness and 5-fold increase in
wear resistance with only 10% decrease in conductivity [67].
Also, SPS at 650◦ C for 30 min under 50 MPa was reported
to decrease the electrical conductivity from 75 to 54% IACS
with increasing TiB2 content from 2.5 to 10 wt.%. Hardness
increased from 56 to 97 HR B and tensile strength increased

5.3. Fe Nanocomposites. Fe-Al2 O3 nanocomposite was synthesized by reactive milling of Fe-Al2 O3 -Al-Fe powder
mixture in toluene medium and consolidated by SPS.
The nanocomposite showed heterogeneous grain structure
of Fe consisting of nano-, submicron-, and micron-size
grains together with nanometer Fe-Al2 O3 particles. The
nanocomposites consolidated at 800◦ C had a hardness of
795 MPa [74]. Fe/Cr-Al2 O3 nanocomposite powders were
prepared by H2 selective reduction of oxide solid solutions
and consolidated by SPS [75]. The composites showed a
lower microhardness and higher fracture strength than unreinforced alumina. The friction coeﬃcient against an alumina
ball was lower, because of the presence of the intergranular
metal particles; however, FeAl2 O4 grains formed during SPS
were beneficial for higher cycle numbers. Li and coworkers
[76] synthesized nanocomposite Nd2 Fe14 B/α-Fe magnets
using Fe nanoparticles prepared by sonochemical treatment
of carbonyl iron which were applied to coat micrometersized Nd2 Fe14 B permanent magnetic powder. The bulk
nanocomposite was consolidated using SPS. The authors
obtained magnets with Br of 0.86 T, Hci of 683.8 kA/m and
(BH)max of 95.92 kJ/m3 . They also reported that a high ballmilling pretreatment was helpful for obtaining magnets with
fine grains and even microstructure with an increase of the
Br and (BH)max to 0.94 T and 113.6 kJ/m3 , respectively.
Libardi and coworkers [61] produced iron-based
nanocomposite reinforced with nanometric silica and used
thermal analysis to calculate the activation energy of the
grain growth process and extrapolate the temperature at
which the powder could be consolidated by SPS without
losing nanostructure. They found that without the addition
of SiO2 , the hardness was constant up to 400◦ C, whereas
the dispersion of SiO2 kept a constant hardness value up
to 600◦ C. Also, the powders lost the nanostructure after
annealing at 600◦ C for the material without SiO2 and
above 750◦ C with SiO2 addition. Microhardness results as a
function of annealing temperature are presented in Figure 14
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composite particles through SPS. They reported a low and
stable friction coeﬃcient and a decreased wear rate with
increased CNTs and Mg2 Si content.
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Figure 14: Microhardness as a function of annealing temperature
[61].

In this work, the spark plasma sintering process was
presented and recently published work on spark-plasmasintered metals and metal matrix nanocomposites was
reviewed. The spark plasma sintering process has been
shown to be an eﬀective technique for consolidating metallic
materials including nanocomposites. The advantages of
spark plasma sintering such as high heating rates, short
sintering cycles, and low sintering temperatures that allow
sintering nanostructured materials were emphasized by all
researchers. However, more experimental work is needed to
better understand the SPS process and prove the existence
or absence of some phenomenon such as plasma, sparks,
electromigration, and Branly eﬀect.
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[61]. The “FeMo + SiO2 20 h” nanocomposite had a thermal
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Highly dense iron-based amorphous alloy and its tungsten particulate-reinforced composites were consolidated by
SPS [77]. The authors reported the partial devitrification of
amorphous matrix into nanocrystalline Fe23 (C, B)6 during
sintering which led to the formation of in situ amorphous
matrix composites. Also, they successfully fabricated ex situ
amorphous matrix composites reinforced with micron-size
tungsten particles.
5.4. Other Nanocomposites. Udhayabanu and coworkers [78]
developed Ni-30 vol.% Al2 O3 in situ nanocomposite through
reaction milling of NiO-Al-Ni powder mixture followed by
SPS. The nanocomposite had hardness and yield strength
approximately two times higher than that of pure Ni of
similar grain size. A nickel-matrix composite with MWNT
[79] was prepared by slurry mixing process using ethanol as a
solvent. The SPS-sintered relative densities of the composites
containing up to 5 vol% of MWNT were above 99%. The
thermal conductivity was found to increase by 10% for the
composition with 3 vol% MWNT. Al2 O3 /Ni nanocomposite
was also prepared through pulse electric current sintering
[80]. Umeda and coworkers [81] prepared magnesium reinforced with CNTs and Mg2 Si/MgO compounds. They used
amorphous and porous silica particles originated from rice
husks, which were coated with CNTs and contained nanotubes in the pores. The in situ synthesis of Mg2 Si and MgO
via deoxidization and oxidation reaction occurred from
the elemental mixture of pure magnesium and CNT-SiO2
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“Mechanical characteristics under monotonic and cyclic simple shear of spark plasma sintered ultrafine-grained nickel,”
Materials Science and Engineering A, vol. 526, no. 1-2, pp. 201–
210, 2009.
[27] R. O. Wiedemann, U. Martin, H. J. Seifert, and A. Müller,
“Densification behaviour of pure molybdenum powder by
spark plasma sintering,” International Journal of Refractory
Metals and Hard Materials, vol. 28, no. 4, pp. 550–557, 2010.
[28] M. Kubota, “Properties of nano-structured pure Al produced
by mechanical grinding and spark plasma sintering,” Journal
of Alloys and Compounds, vol. 434-435, pp. 294–297, 2007.
[29] M. Zadra, F. Casari, L. Girardini, and A. Molinari, “Spark
plasma sintering of pure aluminium powder: mechanical
properties and fracture analysis,” Powder Metallurgy, vol. 50,
no. 1, pp. 40–45, 2007.
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Biomineralization is a complex ensemble of concomitant phenomena, driving the development of vertebrate and invertebrate
organisms, particularly the formation of human bone tissue. In such a process collagen molecules assemble and organize in
a complex 3-D structure and simultaneously mineralize with nearly amorphous apatite nanoparticles, whose heterogeneous
nucleation, growth, and specific orientation are mediated by various chemical, physical, morphological, and structural control
mechanisms, activated by the organic matrix at diﬀerent size levels. The present work investigates on in-lab biomineralization
processes, performed to synthesize hybrid hydroxyapatite/collagen scaﬀolds for bone and osteochondral regeneration. The
synthesis processes are carried out by soft-chemistry procedures, with the purpose to activate all the diﬀerent control mechanisms
at the basis of new bone formation in vivo, so as to achieve scaﬀolds with high biomimesis, that is, physical, chemical,
morphological, and ultrastructural properties very close to the newly formed human bone. Deep analysis of cell behaviour in
contact with such hybrid scaﬀolds confirms their strong aﬃnity with human bone, which in turn determines high regenerative
properties in vivo.

1. Introduction
Advances in technology demand an ever-increasing degree
of control over material structure, properties, and function,
and the synthesis of materials with well-defined morphology,
structure, and properties is one of the big challenges in
materials synthesis today. In this respect, significant steps
forward have recently been made in the generation of
inorganic/organic hybrid composite following the discovery
that many crystals grow via the assembly of macromolecular
units and can therefore be used to generate composites with
hierarchical and complex structures [1].
In seeking ways to achieve this, nature provides a unique
inspiration for the design and synthesis of new materials
[2–4]. Indeed, the structure of most animal organisms
is characterised by the coexistence of three-dimensional
organic matrices and nanostructured, well-ordered inorganic phases, nucleated, and grown on the matrices during a
process known as “biomineralization” [5, 6], strictly guided

by chemical, physical, morphological, and structural controlling mechanisms. Through such processes, natural organisms form highly organized structures with characteristic
texture and anisotropy [7–10], devoted to their sustenance
and/or physical protection (i.e., the skeleton in mammals,
exoskeleton in insects, and shells in molluscs) characterised
by high resistance, lightness, and the capacity to continuously
adapt to ever-variable external stimuli, and remodel and selfrepair following traumas of moderate entity.
Several control mechanisms regulate the formation and
organization of the mineral phase in such organisms: (i)
chemical factors, consisting in the precipitation of ions naturally present in the environment, mediated by complex
macromolecular organic structures, which act as sites of
heterogeneous nucleation and control specific chemical
interactions, (ii) spatial factors, consisting in the confinement
of the nuclei growth, as well as constraint in their shape and
contact with the organic substrate, (iii) structural factors,
inducing peculiar crystallographic features driven by the
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interaction between mineral phase and the organic template
and (iv) finally, morphologic factors (morphogenesis), where
the mineral phase takes a complex architecture on a macroscopic scale, strictly dependent on the combination of the
various phenomena above described, which hierarchically
occur on diﬀerent dimensional scales in correspondence
with the sites of heterogeneous nucleation. All these control
mechanisms concur to the realization of three-dimensional
hybrid (organic-inorganic) composites showing superior
physicochemical and texturing properties, as well as marked
biomimicry and bioactivity. In this respect, the formation of
hard tissues in mammals takes place through the assembling
of collagen nanofibrils in the extracellular space and the
nucleation of the mineral phase, driven by noncollagenous
acidic macromolecules [11]. The mineral phase is made of
a nearly amorphous calcium phosphate with the structure
of hydroxyapatite (HA), containing several ions substituting calcium and phosphate (e.g., Mg2+ , CO3 2− , K+ , Na+ ,
SiO4 4− ), each of them carrying out specific functions active
in the formation of new bone [12–31]. The nucleation of
mineral nanocrystals initiates in specific loci corresponding
to the gap between the collagen molecules that act as an
organic template transferring information to the mineral
phase [13, 15, 16, 32, 33]. Recently biologically inspired
biomineralization processes were carried out in laboratory,
thus achieving hybrid HA/collagen osteochondral scaﬀolds
that when implanted in osteochondral defects resulted able
to recruit progenitor cells from the bloodstream and direct
their diﬀerentiation to the proper phenotype (i.e., bone or
cartilage) thus yielding reconstruction of diﬀerent anatomical regions [34–36]. The present work aims to explore
the physicochemical and ultrastructural features inherent
to such in-lab performed biomineralization which, as the
natural biological processes, drive the formation of bone-like
hybrid constructs with enhanced bioactivity. Particularly, it
will be evaluated how the control of pH during synthesis and
the introduction of multiple ions relevant for the activation
of the biologic processes can regulate the kinetics of collagen
assembling and organization as well as the HA nucleation
and crystallization, thus aﬀecting crystal growth and the
exposure (i.e., bioavailability) of the mineral phase.

2. Materials and Methods
The organic matrix mediating the mineralization process
was developed starting from type I collagen (Coll) extracted
from equine tendon, telopeptides-free and supplied as an
aqueous acetic buﬀer solution stabilized at pH = 3.5 and
containing 1 wt% of pure collagen. The Coll suspension
was dispersed in a diluted phosphoric acid solution and
dropped into a calcium hydroxide aqueous suspension also
containing additional doping ions. Various compositions
were defined in order to achieve crystallization of apatite
nanocrystals with diﬀerent stoichiometry, in turn resulting
in hybrid composites with stoichiometric apatite (HA) and
apatite with biomimetic content of doping ions (bHA).
Synthesis of hybrid composites with stoichiometric
apatite (HA/Coll): 244 mL of H3 PO4 (0.040 M) solution,
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added with 70 g of 1 wt% collagen gel, was dropped in a
basic suspension containing 1.203 g of Ca(OH)2 in 184 mL
of distilled water to yield a composite HA/Coll material in
the ratio 70/30 wt%.
Synthesis of composite with biomimetic apatite
(bHA/Coll): the same mineralization process was performed
to nucleate Mg2+ , SiO4 4− -doped HA on the collagen fibers.
In particular, 244 mL of H3 PO4 (0.040 M) solution, mixed
with 70 g of 1 wt% collagen gel, was dropped in a basic suspension containing 1.27 g of Ca(OH)2 (95% pure), 0.58 g
of MgCl2 ·6H2 O (99.5% pure) [Mg/Ca molar ratio = 0.15],
and 0.138 g of Si(CH3 COO)4 (TEOS: 98% pure) in 200 mL
of distilled water [Si/P molar ratio = 0.05]. All reactants
are provided by Sigma-Aldrich (S. Louis, MO, USA). The
amounts of MgCl2 ·6H2 O and TEOS were calculated in order
to obtain the molar ratio (Mg/Ca) = 5% and (Si/PO4 ) =
0.4% in the mineral phase.
The dropwise addition procedure was performed under
stirring and assuring a slow decrease of pH up to neutrality
(total dropping time for the considered volumes ∼30 min).
The final scaﬀolds were obtained by controlled freeze drying
where freezing and heating ramps were performed from
25◦ C to −25◦ C and from −25◦ C to 25◦ C in 36 hours under
vacuum conditions (P = 0.20 mbar).
2.1. Chemicophysical Morphological Characterization. X-ray
diﬀraction patterns (XRDs) were recorded by a Bruker
AXS D8 Advance instrument in reflection mode (Cu-Kα
radiation). The samples were ground through a cryomilling
apparatus to obtain relatively uniform particle size powder.
Infrared spectroscopy (FTIR) was performed by using a
Nicolet 4700 Spectroscopy on pellets (13 mm Ø) which were
prepared by mixing 2 mg of ground sample with 100 mg of
KBr in a mortar and pressing. The composites were also
examined by scanning electron microscopy (SEM; Stereoscan
360, Leica, Cambridge, UK). ICP-OES quantitative analysis,
by using an inductively coupled plasma-atomic emission
spectrometry (ICP-AES: Liberty 200, Varian, Clayton South,
Australia), was applied to determine the content of Ca2+ ,
PO4 3− , Mg2+ , and Si4+ ions in the mineral phase. The
samples were previously dissolved in nitric acid (65 wt%).
Thermogravimetric analysis (Netzsch Gerätebau, STA449,
Selb, Germany) was carried out to explore the thermal
behavior of the composites and to assess the amount of
mineral phase. This analysis was performed on specimens
of about 20 mg and using a heating rate of 10◦ C min−1 up
to 1000◦ C in air flow. Observations of composite materials
by transmission electron microscopy (TEM) were performed
with a JEOL EX4000 instrument with acceleration potential
of 400 kV. Samples were dispersed on lacy carbon Cu grids by
contact with the grids and subsequent gentle shaking. Timeresolved microscopic analysis of the biomineralization process was carried out by Cryo-TEM (CM12, FEI, Eindhoven,
The Netherlands). For this analysis the synthesis of hybrid
composites was performed on the TEM grid, covered with
holey carbon thin film; 5 μL of Ca(OH)2 suspension and
5 μL of acid collagen solution were deposited on the grid, at
defined Ca/P molar ratios. After a blotting step to remove the
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excess of liquid, the synthesis was stopped at predetermined
moments by freezing the intermediate product by an ethane
bath, and then the resulting specimen was transferred to a
cryo-holder and observed.
2.2. Cell Culture and Scaﬀold Seeding. MG-63 Human Osteoblast-like cells purchased by Lonza (Italy) were cultured in
Dulbecco Modified Eagle’s Medium (DMEM, PAA, Austria),
containing penicillin/streptomycin (100 U/100 μg/mL), supplemented with 10% fetal bovine serum, and kept at 37◦ C in
an atmosphere of 5% CO2 . Cells were detached from culture
flasks by trypsinization and centrifuged; cell number and
viability were assessed with trypan-blue dye exclusion test.
Scaﬀolds were 5.00 mm diameter and 6.00 mm high,
sterilized by 25 kGy γ-ray radiation prior to use. Scaﬀolds
were placed one per well in a 24-multiwell plate well and
presoaked in culture medium. Each scaﬀold was seeded
by carefully dropping 20 μL of cell suspension (5 × 104
cells) onto the scaﬀold upper surface, and allowing cell
attachment for 20 min, before addition into each well of 1 mL
of cell culture medium supplemented with 10 μg/mL ascorbic
acid and 5 mM β-glycerophosphate for osteoblast activation.
After a 6 h incubation step, each scaﬀold was carefully placed
in a new 24 multiwell plate to eliminate any contribution
of remnant cells from the cell suspension that might grow
into the scaﬀold from its bottom surface. The medium was
changed every 2 days. All cell-handling procedures were
performed in a sterile laminar flow hood. All cell culture
incubation steps were performed at 37◦ C with 5% CO2 . The
medium was changed every 2 days for the duration of the
experiment. Samples (n = 9) were analyzed at day 7 and
equally distributed between the following tests.
2.3. Cell Viability Assay. Live/dead Viability/Cytotoxicity
assay kit for mammalian cells (Invitrogen) was performed
according to manufacturer’s instructions. Briefly, scaﬀolds
were washed with 1x PBS for 5 min and incubated with
Calcein acetoxymethyl (Calcein AM) 2 μM plus Ethidium
homodimer-1 (EthD-1) 4 μM for 15 min at 37◦ C in the dark.
Samples were rinsed in 1x PBS, finely cut with a scalpel
in order to examine also the internal surface and images
acquired by an inverted Nikon Ti-E fluorescence microscope
(Nikon).
2.4. Cell Morphology Analysis. Actin immunofluorescence:
samples were washed with 1x PBS for 5 min, fixed with 4%
(w/v) paraformaldehyde for 15 min, and washed with 1x
PBS for 5 min. Permeabilization was performed with 1x PBS
with 0.1% (v/v) Triton X-100 for 15 min. FITC-conjugated
Phalloidin antibody (Invitrogen) 1 : 500 in 1x PBS was added
for 30 min at 37◦ C in the dark. Samples were washed with
1x PBS for 5 min and incubated with 300 nM DAPI solution
(Invitrogen) for 5 min. Samples were washed with 1x PBS
for 5 min and then finely cut with a scalpel in order to
examine also the internal morphology. Analysis and imaging
were performed by an Inverted Nikon Ti-E fluorescence
microscope (Nikon).
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SEM characterization: cell-seeded scaﬀolds were imaged
and characterized using a SEM Stereoscan 360 Scanning
Electron Microscope (Cambridge Instruments, UK). Samples were washed with 0.1 M sodium cacodylate buﬀer pH 7.4
and fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buﬀer pH 7.4 for 2 h at 4◦ C, washed in 0.1 M sodium
cacodylate buﬀer pH 7.4, and freeze dried. Samples were
finely cut with a scalpel in order to examine also the internal
morphology and then sputter coated with gold using a
Polaron Range sputter coater (DentonVaccum, USA) and
mounted on a copper grid to be examined at SEM.

3. Results
3.1. Physicochemical, Morphological, and Ultrastructural
Features. The XRD spectra of the mineralized construct
(Figure 1) put in evidence the formation of a low crystalline
mineral phase with the structure of hydroxyapatite (HA)
(ICDD card no. 09-0432), superimposed to a broad spectrum belonging to the collagen matrix. The broadening of
the XRD pattern belonging to HA is due to the very small
crystal size, estimated as 10–15 nm. No secondary phases
were detected besides hydroxyapatite, even in case of biomineralization with biomimetic HA where a nearly amorphous
phase was detected (Figure 1(b)), thus confirming that ions
were incorporated in the apatite structure.
FTIR analysis highlights that the mineral phase is heterogeneously nucleated on the collagen matrix, in correspondence to the carboxyl group. In fact in FTIR spectrum of the
hybrid composite (Figure 2) a shift from 1340 to 1337 cm−1
in the absorption band corresponding to −COO− stretching
is evident, due to the chemical interaction with Ca2+ surface
site of the apatite lattice [32].
FTIR spectra also put in evidence the low crystal order
of the mineral phase, particularly in case of heterogeneous
nucleation of bHA, also confirming the results obtained
by XRD analysis. Indeed, the absorption bands related
to phosphate, which are located at about 630, 600, and
550 cm−1 [37] are poorly defined and merge into a single
broad band. Moreover, the broad band at about 550–
600 cm−1 , assigned to HPO4 2− , becomes more intense in
case of biomimetic mineral phase. These features are typical
of young and immature bone where the low crystallinity of
the mineral phase results in high biological activity [37–39].
FTIR spectrum also evidences carbonation of the apatite
phase, specifically in B position (i.e., phosphate site), due
to the presence of the related absorption band at 870 cm−1
[37]; moreover no evidence of absorption at 880 cm−1 is
evident, thus highlighting that carbonation in A position
(i.e., hydroxyl site) resulted in being prevented, probably due
to steric hindrance by the collagenous matrix that hampered
access to the OH− sites of the mineral phase. Chemical
analysis (Table 1) further confirms the occurred carbonation,
since an increase of carbon was always accompanied by a
reduction in phosphorus.
The estimated carbonation is consistent with the weight
loss detected in our hybrid composites upon heating at
1000◦ C (see Figure 3). The analysis of weight loss also
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Figure 1: XRD spectra of hybrid biomineralized constructs. (a) Stoichiometric HA phase; (b) biomimetic HA phase.
Table 1: Composition of the mineral phase in HA/Coll and bHA/Coll scaﬀolds in comparison with human bone.
Ca2+
PO4 3−
Si4+
Mg2+
CO3 2−

Typical composition of human bone (wt%)
24.36
32.62
0.29–0.58
0.35–0.91
2.1–5.6

Introduced ions (wt%)
27.98
39.79
0.63
2.96
—

shows that in nucleated bHA higher amounts of water are
coordinated to the mineral phase by physical or chemical
bonds, compared to stoichiometric mineral phase, thus
evidencing a higher density of active sites as well as increased
aﬃnity with water molecules.
The multiple ionic substitutions in the apatite heterogeneously nucleated on the collagen matrix are assessed
by chemical analysis, which put in evidence that when
biomineralization is carried out in presence of magnesium
and silicate ions, the resulting mineral phase exhibits a bonelike composition (Table 1), even in case of introduction of
higher amount of Mg2+ and SiO4 4− ions in the reaction
flask. This feature is also confirmed by thermogravimetric
analysis carried out on hybrid composites mineralized with
both stoichiometric and biomimetic HA to determine the
maximum amount of mineral phase which could be heterogeneously nucleated on the collagen matrix. The samples
selected for this analysis were obtained by biomineralization
with high amounts of Ca2+ and PO4 3− so as to overcome the
upper limit for the mineral phase that can be heterogeneously
nucleated and to obtain precipitation of excess mineral
phase. On the basis of the detected weight loss (Figure 3) it is
determined that the maximum amount of mineral phase that
can be heterogeneously nucleated by biologically inspired
mineralization is about 70 wt%, that is, a typical bonelike composition. Microscopic observations carried out by
TEM further confirm the formation of the mineral phase
by heterogeneous nucleation; TEM micrographs show nanosized nuclei formed inside the collagen fibres and growing

Actual HA/Coll (wt%)
26.06
36.04
—
—
>2

Actual bHA/Coll (wt%)
25.54
31.78
0.41
0.53
>2

parallel to fibres (Figure 4). This feature is accompanied by a
preferential orientation of HA crystals, detected by flat film
XRD analysis carried out on calcified fibres (Figure 5); in
particular the (002) reflection of HA, detected at 0.34 nm,
preferentially orients parallel to the direction of orientation
of the typical collagen molecular axial spacing at 0.29 nm.
When analysing hybrid composites biomineralized with
stoichiometric HA, it can be observed that the growth of HA
nuclei proceeds towards development of acicular nanosized
grains (Figure 4(a)). Conversely, when the mineral phase has
a bone-like composition, HA nuclei exhibit a globular-like
shape and very short-range crystal order (Figure 4(b)), as
evidenced by Fourier-transform analysis of HRTEM images,
thus exhibiting features of a nearly amorphous calcium
phosphate (see also XRD analysis in Figure 1).
Deeper investigation on the biomineralization process,
carried out by time-resolved cryo-TEM observations in
function of pH variation, evidences that at low pH the organization of fibres is still at a preliminary stage (Figure 6(a));
then, by increasing pH during the biomineralization process
the fibres assume the typical banding pattern of organized
collagen showing local disorder in correspondence of the
mineral nuclei (Figure 6(b)), which result located at the gaps
between collagen molecules.
Further evidence of inner mineralization of assembled
collagen fibres comes from SEM observation of hybrid
composites thermally treated at 1000◦ C during thermogravimetric analysis. In particular Figure 7 shows that HA
particles occupied the whole volume of the construct; more
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Figure 2: FTIR spectra of hybrid composite mineralized with (a) stoichiometric HA; (b) bHA.

4. Discussion
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Figure 3: TG analysis of hybrid composites reporting weight loss of
stoichiometric HA (dashed line) and bHA (continuous line).

in detail, it is noticeable that the HA particles assume
a prismatic shape in case of stoichiometric composition
(Figure 7(a)), whereas they become nearly globular in case
of mineralization with multisubstituted HA (Figure 7(b)).
3.2. Analysis of Cell Behaviour. MG-63 human osteoblastlike cells were cultured within the hybrid HA/Coll composites for 7 days. The live/dead assay showed a very high
ratio of viable cells on scaﬀold surface. Cells cover nearly the
entire upper scaﬀold surface, and they grew into the porous
scaﬀold structure and infiltrated the scaﬀolds as shown
in Figure 8(a). The analysis of cell morphology showed
a very tight relationship between osteoblast cells and the
mineralized collagen fibres (Figures 8(b) and 9). Attached
cells exhibited their characteristic intricate morphology
analysed by phalloidin staining on day 7 (Figure 8(b)).
Moreover SEM images showed human osteoblast-like cells
completely embedded within the nanostructure of the hybrid
collagen-HA construct (Figure 9). It was observed the cells
capability of adhering and spreading over single-collagen
fibers, which impose directionality, as if cells were dangling
on collagen (Figures 9(a) and 9(b)). Cells and biomaterials
seemed to coalesce thus illustrating the high biocompatibility
and osteoconductivity performances of the hybrid construct
(Figure 9(c)).

The synthesis process adopted for in-lab biomineralization is
based on dropwise addition of acidic collagen suspensions
containing phosphate ions into a basic suspension under
continuous stirring. This resulted in a locally occurring
neutralization process whereas the overall pH in the reaction
flask was maintained nearly constant at pH ∼ 12 due to the
Ca(OH)2 suspension. The average pH in the small volume
where neutralization took place resulted steeply in increasing
from ∼2.5 to 10.
Within this range, particularly from 4.5 to 6.5 the
dispersed nanosized collagen fibrils start their assembling,
thus giving rise to formation of progressively thicker and
more organized fibres; on the other hand, at higher pH
values (i.e., pH ≥ 5.5) the formation of hydroxyapatite
crystals, supported by Ca2+ and PO4 3− ions dispersed in
the solution, was thermodynamically favoured against other
calcium phosphates. When collagen comes in contact with
Ca2+ ions, they soon link to COO− groups exposed by
C-terminal regions of tropocollagen fibrils, so that the
formation of apatite crystals is initiated by phenomena of
heterogeneous nucleation. This process involves the same
functional groups responsible for the assembling of collagen
fibrils; thus, the free sites for heterogeneous nucleation of the
mineral phase result in being those located in the periodically
spaced gaps which form along the staggered collagen fibrils
during their assembling and organization [5, 32, 40, 41].
The fast local increase of pH from acidic to slightly basic
values allows to achieve the formation of HA nuclei onto the
newly formed collagen matrix; in particular, since the two pH
ranges where fibres assembling and HA nucleation, respectively, occur are not completely distinct, amorphous HA
nuclei form onto the fibrils before their complete assembling
into more organized fibres. Upon further increase of pH two
processes enter in competition, that is, (i) the organization of
collagen fibers into a three-dimensional network and (ii) the
proceeding HA crystallization, involving the same binding
chemical groups on the fibres surface. Cryo-TEM observations well describe this scenario, where the organization of
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Figure 4: TEM micrographs of collagen fibres. (a) Mineralized with stoichiometric HA; (b) mineralized with biomimetic HA.

Figure 5: Flat film XRD pattern of a thin bundle of parallel calcified
fibers, evidencing the orientation of HA (002) reflection along the
axial collagen fibers direction.

collagen fibres appears in progress whereas at pH above 5.5
the formation of mineral nuclei initiates and provokes a local
distortion in correspondence to the band gaps. Even if such
a biomineralization process is carried out in stoichiometric
conditions (i.e., amount of reactants calculated to obtain
HA phase with Ca10 (PO4 )6 (OH)2 composition), the crystallization of the mineral phase is prevented owing to the
contact with the collagen surface. Indeed, the interaction
with the collagenous matrix at the nanoscale is mediated
by ultrastructural, chemotactic, and physical constraints
aﬀecting crystal growth and organization of the mineral
phase. In particular, the crystal structure of the mineral
phase results in being characterized by amorphous or very
short-range order; in addition, the topotactic information
provided by the collagenous matrix at the sites of heterogeneous nucleation induces preferential crystal growth of
the HA-hexagonal crystals with c axis elongated along the
long axis of collagen. As a consequence the crystallographic
ab plane of the newly formed HA phase results in being
exposed perpendicularly to the long axis of the collagen
fibers; this feature is supposed to promote specific adsorption
of proteins specifically involved in new bone formation [5].
Besides the structural control, a chemical control mechanism
is also active in our biomineralization process; in fact CO3 2−
ions partially replace PO4 3− ions (B-site carbonation) in
the lattice of the nucleated apatite phase; the chemical

substitution in B position is commonly detected in young
and immature bone and is known to promote the establishment of chemotactic and polarity features at the surface
level which favor osteoblast adhesion. The carbonation in B
position results in being selectively imposed by the physical
constraints inherent to the polymeric matrix, thus preventing the incorporation of CO3 2− ions in OH− sites (A-site
carbonation), which is known to confer stability to the mineral phase and is commonly found predominantly in mature
bone.
In presence of additional foreign ions (Mg2+ and SiO4 4− )
introduced in the reaction flask during in-lab biomineralization, the crystal disorder of the heterogeneously nucleated
HA particles favours their incorporation and substitution of
Ca2+ and PO4 3− , respectively, in the apatite structure thus
forming a biomimetic HA strongly mimicking in composition the inorganic part of human bone. Such ions are present
in the mineral phase of young and immature bone and have
relevant function in the formation of new bone. In this
respect Mg2+ ions have a specific role in guiding the processes
of new bone formation; in particular, it is well known that
ionic substitution with Mg2+ ions promotes nucleation phenomena while preventing grain growth, so that the mineral
phase results in being organized in a very high number of
nanonuclei so as to provide increased bioavailability [18].
Indeed surface Mg2+ sites exhibit diﬀerent polarity, structure
and stereochemistry that also result in stronger coordination
with H2 O molecules, compared to Ca2+ [23], which in turn
aﬀects the ability of favouring protein adhesion. Moreover,
in our observation the introduction of Mg2+ ions favoured
the chemical link of the mineral phase with collagen in
correspondence to the band gaps, which is likely due to the
increase of nucleation kinetics. In this respect previous works
have shown that the presence of polyelectrolytes during inlab biomineralization can mimic the function of noncollagenic acidic macromolecules in the guidance of mineral
phase nucleation in the band gap [42]; in consequence we
can suppose that Mg2+ ions present in newly formed human
bone can have a further relevant role in biological processes
and can act in the same way as polyelectrolytes during in-lab
biomineralization.
Besides, the incorporation of silicon in the phosphate
site further increased biomimesis and aﬃnity with the newly
formed bone since silicon is associated with the formation
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Figure 6: Cryo-TEM images of a collagen fiber during biomineralization. (a) At a first stage of the reaction; (b) at an advanced stage.
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Figure 7: SEM micrographs of mineralized collagen fibers after heating at 1000◦ C.
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Figure 8: Analysis of cell viability and morphology. (a) Cell viability was analysed by the live/dead assay (calcein acetoxymethyl stains live
cells in green ethidium homodimer-1 stains dead cells in red). (b) Cell morphology was analysed by actin staining (actin is shown in green,
DAPI in blue). Scale bars: 100 μm.
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Figure 9: SEM analysis. Detailed analysis of morphology of biohybrid scaﬀold. (a and b) Intricate mesh of cells and HA/collagen fibers.
(c) Higher magnification picture showing completely embedded cells within the nanostructure of a bioinspired collagen-HA scaﬀold. Scale
bars: (a and b) 20 μm; (c) 10 μm.

of cross-links between collagen and proteoglycans [21] in
the early stages of bone formation, in turn leading to bone
matrix stabilization against enzymatic resorption.
With these multiple substitutions, the composition of
mineral phase in our in-lab biomineralized composites results in being very close to the one of natural bone, that is,
(Ca, Mg)10−x/2 (PO4 )6−x− y (CO3 )x (SiO4 ) y (OH)2−2y .

(1)

The expression of ultrastructural mimesis with bone in
our hybrid composites was found to depend on the presence
of biomimetic ions. In fact, the introduction of substituting
ions during the process of heterogeneous nucleation not only
aﬀected composition but also crystal growth. In particular
the interaction with collagen and the presence of magnesium
activate topotactic control mechanisms which drive specific
preferential orientation and growth of the mineral phase.
All the above-described features, expressing chemicophysical, morphological, and ultrastructural mimesis with
the newly formed human bone, were achieved due to the
diﬀerent control mechanisms inherent to the polymeric
matrix that were activated during the in-lab performed
biomineralization.
Such process confers to the mineral phase features that
cannot be achieved by conventional methods of powder
synthesis. In fact, even though low-crystalline HA nanoparticles with biomimetic composition can be obtained by wet
methods at room temperature, in such particles a crystal-like
order is always detected [30]; moreover the peculiar shape
and size of the mineral phase driving specific cell behaviour
can be only achieved by mediation of the information
provided at the nanosize by the collagenous template. In
this respect, when in biomimetic conditions, the collagenous
matrix self-assemble and organize, thus providing an ensemble of control mechanisms that unambiguously determine
the characteristics of the mineral phase, in turn driving new
bone formation.
A further evidence that our in-lab biomineralization is
consistent with biological processes of bone formation is
in the intrinsic stability of the 3-D hybrid construct versus
mineral/polymer ratio. Indeed, our hybrid system, intended

as bHA nanoparticles heterogeneously nucleated on a selfassembled collagen matrix, resulted in being stable only
when mineral/polymer ratio was consistent with the composition of natural mineralized tissues. In fact, the amount
of the mineral phase in the composite can be controlled
by adjusting the composition of the starting solutions in
terms of Ca2+ and PO4 3− ions, in turn determining the final
amount of apatite phase; in this respect, it was observed
that precipitation of the mineral phase during synthesis
in biomimetic conditions occurred when in concentrations
above ≈70 wt%, that is, a bone-like composition. This means
that, in our 3-D biomineralized constructs, the amount
of mineral phase that can nucleate and grow, driven by
information provided by the collagen matrix, is intrinsically
defined and limited to bone-like composition.
Cell-surface interaction includes specific chemicophysical linkages between cells and material, where cell adhesion
and spreading pave the way to cell proliferation, finally
providing a surface well covered by cells. Cell-material
surface interaction and cell adhesion are complex processes
involving the reorganization of cytoskeleton proteins further
stimulated in this case by the ordered alignment of needlelike HA crystals along their c axis on collagen fibers. The SEM
images in Figures 9(a) and 9(b) are emblematic of how much
the cells like such a biomimetic substrate so that they actually
“go on swing” with its biomineralized collagen fibers.
The possibility to vary the mineralization degree over a
wide range up to bone-like composition oﬀers a significant
tool to develop graded constructs able to mimic diﬀerent
anatomical regions in hard connective tissues such as bones
or teeth. In particular, the diﬀerent compartment of articular
regions, namely, subchondral bone, mineralized cartilage,
and hyaline cartilage, can be accurately mimicked to achieve
biomimetic scaﬀolds for osteochondral regeneration [34].
Moreover, the possibility to vary the degree of fibration
and assembling of collagen fibers makes possible to develop
chemically and morphologically graded scaﬀolds mimicking
the diﬀerent components of dentin (i.e., pulp, predentin,
mineralized dentin) and of periodontal bone (i.e., cementum, alveolar bone, and periodontal ligament).
In contact with such graded scaﬀolds, mesenchymal
stem cells receive information which guides their selective
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diﬀerentiation into osteoblasts or chondrocytes. In particular, when implanted in vivo the high porosity of the hybrid
constructs allows cell recruitment from the bloodstream
and subsequent colonization and proliferation, whereas the
chemical and ultrastructural features of the mineral phase,
strongly mimicking bone tissue, act as osteogenic signals
[35]. In this respect, the absence of mineral phase in
the cartilage-like layer promotes cell diﬀerentiation into
chondrocytes, thus leading to in vivo regeneration of the
cartilaginous part.

5. Conclusions
The achievement of scaﬀolds exhibiting strong mimicry with
natural tissues is a key feature for hard tissue regeneration.
However, conventional manufacturing processes suﬀer from
strong limitations to achieve materials with high complexity
and organization at the nanoscale. In this respect we have
shown that, by soft chemistry procedures, it is possible
to activate all the control mechanisms inherent to natural
self-assembling polymers such as collagen and to direct
biological-like mineralization processes towards formation
of hybrid constructs with very high chemicophysical, morphological, and ultrastructural mimesis with the natural
bone tissue. The high regenerative potential of such devices is
due to the synergistic combination of the organic matrix and
the mineral phase, whose osteogenic properties are conferred
by specific chemical and topotactic features as well as by
the physical confinement imposed by the organic matrix
itself. The hybrid constructs can be flexibly addressed to
specific designed functions, so that they can be designed to
regenerate diﬀerent anatomical districts.
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This paper is focused on the formation and recovery of cadmium sulfide (CdS) nanoparticles in two diﬀerent types of polycationmodified reverse microemulsions using low molecular weight poly(diallyldimethylammonium chloride) (PDADMAC) and
poly(ethyleneimine) (PEI). Both polymers were incorporated in a quaternary w/o microemulsion consisting of water, toluenepentanol (1 : 1), and sodium dodecyl sulfate (SDS), as well as in a ternary w/o microemulsion consisting of water, heptanol, and 3(N,N-dimethyl-dodecylammonio)-propanesulfonate (SB). UV-vis and fluorescence measurements in the microemulsion illustrate
the capping eﬀect of the polycations on the formation of the CdS quantum dots. The nanoparticles are redispersed in water and
characterized by using UV-vis and fluorescence spectroscopy, in combination with dynamic light scattering. From the quaternary
microemulsion, only nanoparticle aggregates of about 100 nm can be redispersed, but, from the ternary microemulsion, wellstabilized polycation-capped CdS quantum dots can be obtained. The results show that the electrostatic interactions between the
polycation and the surfactant are of high relevance especially in the solvent evaporation and redispersion process. That means only
that in the case of moderate polycation-surfactant interactions a redispersion of the polymer-capped CdS quantum dots without
problems of aggregation is possible.

1. Introduction
The importance of small, monodisperse semiconductor
particles has greatly increased in the recent years, due to the
growing interest in technological applications of the resulting
materials in electronic devices like solar cells or LEDs [1–4],
medical diagnostics [5–7], and photo catalysis [8–10]. The
optical, optoelectronical, and magnetic properties of such
materials are strongly depending on the size according to the
well-investigated size quantization eﬀect [11–14]. Nanoscalic
semiconductors like cadmium sulfide show a size-dependent
onset of light absorption, and a blue shift of the fluorescence
band with decreasing particle size. Therefore, the formation
of monodisperse cadmium sulfide (CdS), CdSe, or ZnS
nanocrystals, so-called quantum dots, is of importance.
For the preparation of such materials, diﬀerent methods
can be used, for example, sol-gel [15, 16] or solvothermal
[17, 18] and irradiation processes [19, 20]. An important
way to synthesize monodisperse nanoparticles of very small

dimensions is to use a template phase. The nanoparticles
can be formed in block copolymer micelles or polymer
microgels [21–24] in dendrimers or microemulsions [25–
31]. Especially microemulsion template phases are widely
used as “nano-reactors” to make ultrafine particles [32, 33].
For this process, two w/o microemulsions are mixed together
containing reactant A and reactant B, respectively. Hereby,
the size of the droplets, and the bending elasticity as well as
the rigidity of the droplet film is of importance, due to the
fact that droplet diﬀusion and fusion is the rate-determining
step in the microemulsion and not the reaction between the
components A and B [31]. Two diﬀerent mechanisms for the
droplet exchange process are discussed in the literature, that
is, the water channel mechanism and the droplet coalescence
mechanism [34].
By adding polymers one can influence the droplet size
[35–37], the droplet-droplet interactions [38–40], and the
stability [41] and rigidity [42–44] of the surfactant film in
w/o microemulsion due to polymer-surfactant interactions.
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Our own experiments have shown that polyelectrolytes
can be incorporated into water-in-oil microemulsions, too
[45–47]. Molecular dynamic simulations of inverse micelles
in presence of a cationic polyelectrolyte have shown that
the polymer is located nearby the surfactant film [48]. The
polyelectrolyte-modified water-in-oil microemulsions can be
used as a template phase for the formation of diﬀerent types
of very small nanoparticles, for example, BaSO4 , ZnS, gold,
and magnetite [49–52].
It has to be mentioned here that it is possible to produce ultrafine CdS nanoparticles inside the microemulsion
droplets with a narrow size distribution in absence of
an additive [26, 32, 53], but an eﬃcient recovery of the
nanoparticles from microemulsion is still an open problem
[54]. There are diﬀerent approaches, for example, water or
temperature-induced separation [55, 56], precipitation by
antisolvents [57] or surfactants [58], or a so-called cloud
point extraction [59], but due to their high surface energy the
ultrafine particles tend to coagulate irreversibly during the
separation process. Therefore, it is necessary to protect the
nanoparticles during the separation and recovery process. To
overcome this problem organic molecules can be added to
stabilize the particles during the recovery process. Agostiano
et al. have used, for example, thiophenol as a capping agent to
redisperse CdS nanoparticles in pyridine [26], and Tamborra
et al. immobilized octylamine-capped CdS nanocrystals in
polymers, that is, poly(methylmethacrylate) or polystyrene
[60].
To stabilize nanoparticles in water, polyelectrolytes are
of special relevance due to their electrosterical stabilization eﬀect [61, 62]. Therefore, polyelectrolyte-modified
microemulsions are of special interest, because of the fact
that the polyelectrolytes are already present during the
process of particle formation, solvent evaporation as well as
during the process of redispersion in water.
This paper describes the influence of two polycations
incorporated into microemulsions on the CdS nanoparticle
formation process and the possibility to recover the nanoparticles after solvent evaporation and redispersion in water.
The aim of this paper is to learn more about the role
of electrostatic interactions in the nanoparticle recovery
process.
Therefore, two microemulsions were used: one containing the strong anionic SDS and the other the amphoteric SB.
The formation of CdS in both types of microemulsion is possible by mixing microemulsions containing the
corresponding salts, that is, CdCl2 and (NH4 )2 S [63].
The nanoparticle formation was investigated by means of
UV-vis and fluorescence spectroscopy, and the redispersed
particles were also characterized by UV-vis and fluorescence
measurement, as well as dynamic light scattering (DLS).

2. Experimental Part
2.1. Materials. The poly(diallyldimethylammonium chloride), with a molecular weight of Mw = 21.000 g/mol, was
synthesized by radical polymerization. DADMAC (N,N Diallyl-N,N -dimethylammonium-chloride) (65 wt. % in
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water) was purchased from Sigma-Aldrich and used as
received. The branched Poly(ethyleneimine) with a molecular weight of Mw = 25.000 g/mol was obtained from the
BASF. Toluene (>99%; Fluka), pentanol (>99%, Fluka),
and heptanol (>99%, Merck) were used without further
purification. Sodium dodecylsulfate (SDS) (>99% Fluka),
cadmium chloride (CdCl2 ) (>99%, Fluka), and a 20 wt%
aqueous solution of (NH4 )2 S are used as obtained. 3-(N,Ndimethyl-dodecylammonio)-propanesulfonate (SB) (>97%)
was obtained from Raschig company. Water is purified
with the Milli-Q Reference A+ water purification system
(Millipore).
2.2. Phase Diagram. The determination of the isotropic
phase range of all systems mentioned above has been
carried out by titration of the pseudobinary oil-cosurfactant/
surfactant, or oil/surfactant mixture with a 1 wt. % aqueous
polymer solution. The mixture was shaken or treated by
ultrasonification and optically tested in order to survey a
transparent phase region of reverse microemulsions (L2 phase).
2.3. Preparation of CdS Nanoparticles. CdS nanoparticles
are prepared by mixing two microemulsions: one containing 40 mmol/L CdCl2 and 2 wt% polymer and the other
40 mmol/L (NH4 )2 S. The spontaneous induced formation
of the nanoparticles in the w/o microemulsion droplets
occurs after shaking the received microemulsion mixture of
the corresponding precursor salts. Afterwards the mixture
was dried under vacuum at 40◦ C for one week to remove
the solvents (water, toluene, pentanol, and heptanol). The
received powder was redispersed in water by ultrasonification
for further characterization.
2.4. Characterization of CdS Nanoparticles
2.4.1. UV-Vis Spectroscopy. Absorption spectra are obtained
by using a Cary 5000 UV-vis NIR spectrophotometer
(Varian) in a wave length range between 200 and 800 nm. For
this, the microemulsion samples, as well as the redispersed
samples, were placed in a quartz cuvette with a path length
of 1 cm.
2.4.2. Fluorescence Spectroscopy. Fluorescence measurements
are carried out by using a FluoroMax-3 spectrometer
(Horiba) in the wave length region between 370 and 700 nm
at the excitation wavelength between 340 and 370 nm.
2.4.3. Dynamic Light Scattering and Electrophoretic Light Scattering. The determination of the particle size and the particle
size distribution by dynamic light scattering measurements is
carried out at a fixed angle of 173◦ (backscattering) at 25◦ C
using the Zetasizer Nano ZS (Malvern), equipped with a HeNe laser and a digital autocorrelator. The averaged particle
diameters were obtained from five separate measurements by
using a peak analysis by number, volume, or intensity.
The zeta potential that means the electrokinetic potential
at the eﬀective shear plane between the moveable and
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Figure 1: Partial phase diagram of the L2 -phase of the modified quasi ternary system toluene-pentanol (1 : 1)/SDS/water (a) and of the
modified ternary system heptanol/SB/water (b).

nonmovable part of the double layer, was measured by means
of the Zetasizer Nano ZS (Malvern) based on the principle of
electrophoretic light scattering.

3. Results
3.1. Phase Behaviour. The partial phase diagrams with PEI
and PDADMAC, determined at room temperature, show
a transparent phase region of reverse microemulsions (L2 phase) in the “oil” corner in all systems (Figures 1(a)
and 1(b)). For the quasiternary system toluene-pentanol
(1 : 1)/SDS/water, the L2 -phase is extended towards the water
corner when PDADMAC is incorporated in comparison to
the PEI-modified system. The phase range of the L2 -phase
of the ternary system heptanol/SB/water is decreased by
replacing PDADMAC with PEI. In both cases the reduction
of the L2 -phase in presence of PEI is accompanied by
lower interactions between the branched polymer and the
surfactant film.
Furthermore, an extension of the phase range of the L2 phase for both polymers in direction to the water corner can
be observed in the quasiternary SDS-modified system. This
eﬀect can be explained by an enhancement of the bending
elasticity of the surfactant film caused by interactions
between the anionic surfactants and the polycations.
3.2. Nanoparticle Formation
3.2.1. Toluene-Pentanol (1 : 1)/SDS/Water Template Phase.
The formation of CdS nanoparticles has been carried out at
Point A with a composition oil/surfactant/water = 88/6/6,
that means at a water to surfactant ratio, R = 1.0. For
checking the influence of the droplet size on the results,
additional investigations were made at point B (composition
oil/surfactant/water = 70/20/10), at R = 0.5. After elimination of the reference spectra, the absorption spectra are given
in Figure 2(a) in absence and in presence of low molecular
weight PEI and PDADMAC, respectively.

For poly(ethyleneimine) two pronounced absorption
maxima, the first one at 324 nm and the second one at
348 nm, could be observed. Note, that the presence of two
absorption maxima could be a hint for the existence of
two diﬀerent particle fractions. However, the fluorescence
spectrum for the PEI modified system shows only one well
defined band with a maximum at 508 nm (Figure 2(b)),
which should be more asymmetric, if there are diﬀerent particle fractions. Due to that, one can conclude that a surface
modification or cluster formation with PEI influence the
absorption behaviour of the particles in that characteristic
way. Similar absorption and emission spectra were obtained
by us with PEI of significant lower and higher molar masses
[63].
In comparison a modification with poly(diallyldimethylammonium chloride) leads to a broad shoulder between
390 and 440 nm, similar to the unmodified water system, in
good agreement to the results given in references [63, 64].
Fluorescence measurements (Figure 2(b)) show an expanded
emission peak between 450 and 800 nm for PDADMAC with
a maximum at 690 nm. In both systems the spectra indicate
the formation of nanometer-sized CdS nanoparticles, taken
into account that the position and the height of the
absorption band are well related to the size of the semiconductor particles [26]. For that reason, one can assume a
mean particle size range between 2 are 10 nm for the CdS
nanoparticles formed in presence of PEI or PDADMAC.
Nevertheless, the blue shift of the two absorption bands in
the UV-vis spectrum indicates the formation of PEI-capped
small CdS nanoparticles with a narrow size distribution, in
good agreement with the shift of the emission peak towards
the blue region.
Note that similar results were obtained at point B
(compare Figure 8 in the Supplementary part), indicating
that the droplet size is of minor relevance.
The blue emission colour of the PEI-modified and the
orange colour of the PDADMAC-modified systems excited
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Table 1: Experimental values of the band gap (Eg ) corresponding to the calculated diameter of the CdS nanoparticles.

System
Microemulsion
SDS based
Microemulsion
SB based
Redispersion system
SB based

PEI
PDADMAC
PEI
PDADMAC
PEI
PDADMAC

Eg (eV)

Wavelength (nm)
324
348
420
330
360
380
320
350
415

3.83

3.57
2.96

3.76

3.45
3.27

3.88

3.55
2.99

d (nm) calculated [65]
2.2
2.5
3.6
2.3
2.6
2.9
2.2
2.5
3.5
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Figure 2: Absorption (a) and fluorescence spectra (b) of the microemulsion system toluene-pentanol (1 : 1), SDS, water after CdS
nanoparticle formation in presence of PEI or PDADMAC at point A.

with a near-UV lamp (shown in Figure 9 in the Supplementary Material available online at doi:10.1155/2012/478153)
underline the statements given before.
Summarizing the results, one can conclude that the
PEI-modified nanoparticles are of about 2 nm, and the
PDADMAC-modified ones of about 4 nm in size. This is in
full agreement with calculated diameter based on the band
gap according to reference [65] summarized in Table 1.
3.2.2. Heptanol/SB/Water Template Phase. To compare the
characteristics of the CdS nanoparticles synthesized in the
ternary system with the nanoparticles synthesized in the
quaternary system, the formation of the particles has been
carried out in all cases at point A and point B, respectively. In
Figure 3(a) the absorption spectra (after elimination of the
reference spectra) are given for CdS nanoparticles in presence
of PEI and PDADMAC in comparison to the spectrum in
absence of a polymer.
The absorption spectra for PEI show two absorption
maxima, the first one, weakly distinctive, at 330 nm and
the second one at 360 nm. In comparison to the results
in the quaternary microemulsion a marginal bathochrome
shift of both maxima can be observed. The shoulder,

obtained for CdS nanoparticles modified with PDADMAC,
between 350 and 420 nm is shifted to lower wavelengths.
The hypsochrome shift indicates the formation of smaller
particles in case of the ternary microemulsion system.
This can be explained by lower interactions between the
amphoteric surfactant and PDADMAC located more in the
inner core of the droplets. Due to this the particle growing
process inside of the droplets is more restricted. PEI is not
going to be aﬀected by this eﬀect, because of the branched
structure of the polymer located more in the inner part of
the droplet and significant weaker electrostatic interactions.
Fluorescence measurements illustrated in Figure 3(b) show
a broad emission peak with a maximum at 520 nm. The
emission peaks are nearly in the same range already obtained
in the quaternary microemulsion. According to these results
one can conclude that PEI-capped CdS nanoparticles are
formed in the same size range for both systems. This will be
confirmed by the blue emission colour of the PEI-modified
particles, which is quite similar in both microemulsions
(Figures 9 and 10 in the supplementary part).
Fluorescence measurements for PDADMAC modified
particles show a broad emission peak between 400 and
700 nm, with an emission maximum shifted to lower wavelengths at 590 nm. Our results show that in comparison
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Figure 3: Absorption (a) and fluorescence spectra (b) of the microemulsion system heptanol, SB, water after CdS nanoparticle formation in
presence of PEI or PDADMAC at point A.

to the PEI-modified system these particles are of course
larger, but smaller in comparison to the quaternary SDSbased system. This corresponds with the yellow emission
colour (Figure 10 in the supplementary part). Taking into
account the emission colour and the fluorescence spectra one
can conclude that PDADMAC-capped CdS nanoparticles of
about 3 nm have been produced.
At point B similar results were obtained for the PEImodified system, in contrast to a significant smaller absorption maximum in presence of PDADMAC, disappearing in
absence of a polymer. These results underline the additional
templating eﬀect of the PEI in the SB-based microemulsion.
It is noteworthy that the diﬀerent absorption and
fluorescence behaviour cannot only trace back to diﬀerent
particle sizes. We also have to take into account that two
diﬀerent polycations, on the one hand branched PEI and
on the other hand linear PDADMAC, in two diﬀerent
types of microemulsion, are used. Capping exchange at the
nanoparticle surface can also influence the optical properties
of the system, as already shown by Tamborra et al. [60]. In
general one can conclude stronger electrostatic interactions
(illustrated in Scheme 1) of the polycations with SDS,
especially for the linear PDADMAC. Therefore, PDADMAC
is located at the interphase and stabilize the surfactant film.
In contrast, branched PEI, located more in the inner part
of the droplet, influences the particle-growing process much
more (additional templating eﬀect).
3.3. Characterization of the Redispersed Nanoparticles
3.3.1. Nanoparticles Redispersed from the Toluene-Pentanol
(1 : 1)/SDS/Water Template Phase. After a complete solvent
evaporation, the received powder was redispersed in water
by ultrasonification. The obtained turbid solution was

filtrated to separate aggregates and bad stabilized individual
nanoparticles. To get more information on the size and
surface charge of the redispersed particles dynamic and
zeta potential measurements were conducted. The results
of dynamic light scattering shown in Figure 4 demonstrate
that the diameters of the redispersed CdS nanoparticles are
significant larger than the particle dimensions estimated
in the microemulsion. Two main particle fractions with
diameters of about 440 nm (±120 nm) and 120 nm (±20 nm)
can be found for PEI, and of about 270 nm (±140 nm) and
65 nm (±20 nm) for PDADMAC, respectively. According to
the results of UV-vis and fluorescence measurements in the
microemulsion, one can conclude that individual-polymer
capped CdS nanoparticles formed in the microemulsion
droplets can be not redispersed after solvent evaporation
without particle aggregation. Furthermore, zeta potential
measurements show for both polymers a negative value
of about −50 ± 2 mV. Taking into account that SDS (a
strong anionic surfactant) is in excess, one can assume that
the interactions between the surfactant and the polycations
are strong enough to form polycation-surfactant complexes
combined by a destabilization of the individual nanoparticles
by stripping the polycation from the surface of the CdS
particles.
3.3.2. Nanoparticles Redispersed from the Heptanol/SB/Water
Template Phase. After solvent evaporation, the received powder can be completely redispersed in water by ultrasonification without problems of phase separation. Dynamic lightscattering experiments demonstrate that in the transparent
solution only one fraction of nanoparticles can be obtained,
with a mean diameter of 10 nm (±3 nm) in presence of PEI
and 13 nm (±4 nm) in presence of PDADMAC, respectively
(Figure 5).

6

Journal of Nanomaterials

Oil
−

+

−

+

−

+

+

−

−

+

−

+

+

+

CdS

CdS

−

SDS

+

+

+ PDADMAC

+

n-pentanol

+

+ PEI

Toluene
(a)

Oil
±

±

+

±

+
+

+
CdS

±

+

+ +

±

±

+

CdS

−

+

+

SB

+

+

PDADMAC

+
Heptanol

+

+ PEI
(b)

Scheme 1: Schematic representation of the location and interactions of the polycations PEI and PDADMAC within the w/o microemulsion
droplets of a SDS-based system (a) and a SB-based system (b).

The particles show a positive zeta potential of +8 ± 3 mV.
From this data, one can conclude a polymer adsorption onto
the surface of the CdS nanoparticles.
For further characterization UV-vis and fluorescence
measurements were conducted. For PEI two absorption
maxima could be observed in Figure 6(a), the first one at
320 nm and the second one at 350 nm. A broad shoulder
between 390 and 450 nm can be observed in presence of
PDADMAC, a hint for larger nanoparticle diameter.
A direct comparison, between the absorption peaks
obtained in the microemulsion and the redispersed aqueous

system, shows no significant diﬀerences in the PEI system,
but a marginal bathochrome shift of the absorption band
for the PDADMAC modified system. According to this one
can conclude that CdS nanoparticles could be redispersed
without a significant change in the particle dimension much
better in presence of PEI.
The fluorescence spectrum of the redispersed CdS
nanoparticles in presence of PEI is shown in Figure 6(b);
for PDADMAC the emission peak is very small and correspondingly not significant. One can see that the emission
peak for PEI-capped CdS nanoparticles is shifted to lower
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wave length and becomes more narrow in comparison
to the microemulsion. The blue emission colour for PEI
supports our finding that PEI-capped CdS quantum dots
are redispersed without a change in the particle dimension.
According to our assumption that redispersed PDADMACcapped nanoparticles are larger than in the microemulsion,
the emission colour is turned to orange for the redispersed
particles, illustrated in Figure 11 in the supplementary part.
Based on the UV-vis spectroscopically obtained band
gap the particle size of quantum dots can be determined
according to Patidar et al. [65]. The calculated particle size
is in the same range as expected according to UV-vis and
fluorescence spectroscopy, as well as the observed emission
colour (compare Table 1).

300
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Figure 6: Absorption (a) and fluorescence spectra (b) of redispersed CdS nanoparticles produced in the microemulsion system
heptanol, SB, water (PEI), and for the system with PDADMAC at
point A.

In order to assure the size and the shape of the particles
and explain the discrepancy between DLS and UV-vis data a
supporting technique, like transmission electron microscopy
(TEM), should be helpful as already shown by Pons et al.
[66]. Unfortunately, it is not possible to get some micrographs of these systems with a TEM due to the excess of
surfactants. Noteworthy, that CdS nanoparticles produced
in a SB-based hexane-pentanol microemulsion could be
successfully analyzed only by high-resolution transmission
electron microscopy (HRTEM). The particle dimensions of
2-3 nm (shown in Figure 12 in the supplementary part) are
also in that case in disagreement with the diameter of 9 ±
2 nm observed in DLS. Inspired by these results we have
synthesized in addition CdS nanoparticles in absence of
surfactants, that means in a diluted aqueous PEI-solution.
By this procedure we were able to produce PEI stabilized
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CdS nanoparticles with quite similar properties. However,
in that case, that means in absence of surfactants, TEM can
be successful applied. The TEM micrographs (Figures 7(a)
and 7(b)) in the supplementary part) clearly show that in
addition to the individual nanoparticles of about 3 nm (Figure 7(a)) particle aggregates of about 10 nm (Figure 7(b))
exist.
In the heptanol-based microemulsion system investigated here, individual CdS nanoparticles of about 3 nm
are redispersed, which aggregated to clusters containing 34 nanoparticles. Therefore, one can conclude that in the
intensity plot of the DLS experiments predominantly the
QD clusters are detected. The existence of two absorption
peaks in the UV-vis spectrum can be related to QD’s varying
in the surrounding medium in dependence on the state of
aggregation.
To underline the eﬀect of the polyelectrolytes in the
microemulsion template phase as well as in the recovery
process we made two additional experiments.
In a “reference” experiment we produced CdS particles
in the SB microemulsion in absence of a polyelectrolyte,
followed by the solvent evaporation and redispersion in
analogy to the procedure described above. In a second
experiment we added the polyelectrolyte PEI during the
redispersion procedure. The absorption and fluorescence
spectra (given in Figure 13 in the supplementary part) clearly
demonstrate that in absence of the polyelectrolyte quantum
dots cannot be recovered. When the PEI is added during
the redispersion procedure, only a marginal part of the
nanoparticles can be stabilized.

4. Conclusion
Our results show that the quaternary template phase consisting of water, toluene-pentanol (1 : 1), and the anionic
surfactant SDS in presence of PEI or PDADMAC can be
successfully used for the synthesis of polymer-capped CdS
nanoparticles. Unfortunately a recovery of the quantum dots
without a particle aggregation is not possible due to the
strong surfactant polycation interactions.
When the ternary template phase with the amphoteric
SB surfactant is used, the polymer-capped nanoparticles
produced in the microemulsion template phase can be recovered. That means the individual polymer-capped quantum
dots and QD clusters are stable during the process of solvent
evaporation and can be redispersed.
The results show on the one hand that the recovery
process is only successful when the electrostatic interactions
between the polycation and the surfactant headgroups
are moderate. On the other hand one can see that the
polyelectrolytes should be incorporated already into the
microemulsion, because of the additional templating eﬀect
of the polymer during the particle formation process, and
the protecting eﬀect during the recovery process.
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The interest in developing optoelectronic devices integrated in the same silicon chip has motivated the study of Silicon nanocrystals
(Si-ncs) embedded in SiOx (nonstoichiometric silicon oxides) films. In this work, Si-ncs in SiOx films were obtained by Hot Wire
Chemical Vapor Deposition (HWCVD) at 800, 900, and 1000◦ C. The vibration modes of SiOx films were determined by FTIR
measurements. Additionally, FTIR and EDAX were related to get the proper composition of the films. Micro-Raman studies in the
microstructure of SiOx films reveal a transition from amorphous-to-nanocrystalline phase when the growth temperature increases;
thus, Si-ncs are detected. Photoluminescence (PL) measurement shows a broad emission from 400 to 1100 nm. This emission was
related with both Si-ncs and interfacial defects present in SiOx films. The existence of Si-ncs between 3 and 6 nm was confirmed
by HRTEM.

1. Introduction
It is known that bulk silicon is the dominant semiconductor
material in microelectronics industry; however, limited to
the development of optoelectronic devices due to be an
indirect band-gap semiconductor.
Since the observation of intense photoluminescence from
porous silicon (PS) at room temperature [1], properties
of low dimensional silicon quantum structures have been
a subject of extensive investigations [2, 3]. Silicon-based
nanostructures have been published so far with the majority
devoted to the optical properties of nanocrystalline silicon
embedded in SiOx films. Although the phenomenon of
emission produced in the SiOx films has not yet been
satisfactorily explained, there are diﬀerent theories about the
origin of the PL, such as quantum confinement [4], siloxanes
(Si6 O3 H6 ) [5], surface defects by bonds (SiH2 )x [6], and
interfacial defects in networks Si/SiOx [7–9]. The widely
accepted theory is the Quantum confinement; this theory
says that Si-ncs produce a change in the bands structure by
increasing the width of the band-gap crystalline silicon and
making the direct transitions possible.

SiOx films are obtained by diﬀerent growth techniques
such as: Sputtering [10], ion-implantation [11], catalyticCVD (Cat-CVD) [12], Plasma Enhanced Chemical Vapor
Deposition (PECVD) [13], and HWCVD [14]. The SiOx
films grown by diﬀerent techniques have interesting characteristics due to presence of large number of Si–Si bonds,
which are subsequently ordered and, therefore, they can be
considered as Si clusters embedded in SiOx matrix. In most
cases the Si clusters can be crystallized only under high
temperature annealing [15, 16] to form Si-ncs. However, it
is known that thermal annealing increases the technological
cost because it requires both high temperatures and long
annealing times on inert atmospheres.
In this paper, optical and structural properties of SiOx
films are reported, we demonstrated the presence of Sincs in SiOx films grown by HWCVD technique without
using subsequent thermal process. The SiOx films were
characterized by FTIR (Fourier Transform Infrared), EDAX
(Energy-Dispersive X-Ray Spectroscopy), Micro-Raman,
PL, and HRTEM (High Resolution Transmission Electron
Microscopy) techniques.
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Table 1: Main bonds of the SiOx films grown at diﬀerent
temperatures.

H2 in
Filament

Vibration type
Termocouple

Solid source

Substrate

H2 out

Figure 1: Detailed diagram of the HWCVD system.

2. Experimental Details
SiOx films were synthesized in an HWCVD reactor at
temperatures of 800, 900, and 1000◦ C, using a solid source
of PS and atomic hydrogen.
The HWCVD technique involves the dissociation of
molecular hydrogen using a hot filament at about 2000◦ C.
To reach this temperature, measurements of applied voltage
versus resistivity of tungsten filament are performed to
obtain the voltage necessary (84.6 V) and keep a temperature
of 2000◦ C during the process. The growth of SiOx films by
HWCVD is as follows: molecular hydrogen is introduced
through the chamber with a constant flow of 20 sccm.
A tungsten filament heated to 2000◦ C produces atomic
hydrogen which reacts with a solid source of porous silicon.
Gas precursors of Silane (SiH4 ) and silicon monoxide (SiO)
are generated and transported to the substrate forming SiOx
films.
The HWCVD technique used in this work, diﬀers
from conventional Cat-CVD; which consist in the thermal
decomposition of reactant gases at the surface of a hotfilament heated at temperatures in the range of 1500–2000◦ C
[12]. HWCVD produces its gaseous precursors from the
interaction of atomic hydrogen and a solid source of PS or
quartz. This peculiarity of the HWCVD technique makes it a
potential alternative for the growth of SiOx films.
The filament-source distance was kept constant at 3 mm,
while the filament-substrate distance was 10 mm, 11.5 mm
and 13.2 mm, to obtain a deposition temperature of 1000,
900, and 800◦ C, respectively. The growth time was 10
minutes for each sample. A detailed diagram of the HWCVD
system is shown in Figure 1.
For the diﬀerent optical and structural characterizations,
SiOx films were deposited on two types of substrates. Quartz
was used for characterization of PL, HRTEM, Micro-Raman,

Si–O–Si rocking
Si–O–Si bending
Si–O–Si
stretching
SiH bending
SiH wagging

Vibration of SiOx obtained
in this work (cm−1 )
1000◦ C
900◦ C
800◦ C
450
452
448
800
801
798

Reference

[17]
[17]

1080

1077

1066

[18]

878
660

880
670

881
674

[19]
[20]

and silicon (n-type (100)) for FTIR and EDAX measurements. The substrates of silicon were carefully cleaned with
an MOS standard cleaning process and the native oxide
was removed with an HF buﬀer solution before being
introduced into the reactor. PS layers used as solid sources
were prepared by anodic etching a p-type Si (100) wafer,
resistivity ∼0.04 Ω-cm, in a 40% HF and ethanol electrolyte
(1 : 2).
FTIR absorbance measurements were performed on
a Bruker Vector 22 spectrometer in the range 400 to
4000 cm−1 . The composition of the films was determined by
EDAX and FTIR by using the relation SiOx → aSi + bSiOx ,
where a, b are called the silicon separation coeﬃcient and
silicon oxide matrix coeﬃcient, respectively.
Micro-Raman measurements were performed at room
temperature by using a He-Ne laser (632.8 nm). A laser with
a wavelength of 405 nm and 40 mW of power was used to
excite the sample in PL measurements; the range detected
by monochromator was from 400 to 1100 nm. Finally, a
HRTEM FEI Tecnai F30 STWIN G2 was used to observe the
presence of Si-ncs in SiOx films.

3. Results and Discussions
Infrared absorption spectra of SiOx films grown at 800, 900,
and 1000◦ C on silicon substrates are shown in Figure 2(a).
Characteristics bands of SiO2 have been reported around
460, 800, and 1080 cm−1 . The main absorption peak around
of 1080 cm−1 is associated with the Si–O–Si stretching mode,
while those at 800 and 460 cm−1 correspond to bending and
rocking modes, respectively. Results of infrared spectroscopy
of films grown at diﬀerent temperatures are shown in Table 1,
where absorption peaks, their identifications, and references
are recorded.
We observe that as the substrate temperature decreases
(Table 1), the wavenumber of the main peak shifts from
1080 cm−1 (SiOx , x = 2) to 1066 cm−1 (SiOx , x < 2).
According to the FTIR analysis of SiOx films produced by
PECVD [17], the silicon atoms have a higher probability of
having one or more silicon atom neighbors, when x < 2.
In this way, it is likely that two phases coexist in the
films; the silicon oxide (SiOx ) phase and another due to
silicon bonds [21]. The shift observed in the stretching
peak indicates phase separation in the films according to
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Distance filament-substrate (cm)
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1.32

1

2.4
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2.2
2

SiO2

SiO1.96
SiO1.82

Composition (x)

Absorbance (a.u.)

1.8
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x value by FTIR
x value by EDAX

(a)

(b)

Figure 2: (a) Spectra FTIR of SiOx films grown at diﬀerent temperatures, (b) graphics composition of the silicon oxide phase obtained by
FTIR and of the whole film found by EDAX.
Table 2: Composition data of the silicon oxide phase by FTIR and
composition data of the whole film found by EDAX.
Composition by
EDAX

Composition of
SiOx phase by
FTIR

x

x

a

b

800

1.2

1.82

0.34

0.65

900

1.11

1.96

0.43

0.56

1000

0.72

2

0.64

0.36

Coeﬃcient

the variation in the x value. By FTIR spectroscopy the x
value of the silicon oxide phase could be calculated by x =
(v − 918)/81 [17], where v is the shift Si–O–Si stretching
frequency. From this result, we find the x value of the silicon
oxide phase; x = 2, 1.96, and 1.82 for the samples grown
at 1000, 900, and 800◦ C respectively, these data are shown
in Table 2. In general, we observe that the x value obtained
by FTIR is close to silicon dioxide (SiO2 ) stoichiometry
value.
In order to determine the composition of the whole film,
qualitative studies in the SiOx films were done by EDAX. It
was found a composition ratio (x = O/Si) of 1.23, 1.17, and
0.72 for samples grown at 800, 900, and 1000◦ C respectively
(Table 2). It is important to mention that the EDAX results
are for the whole film and the FTIR outcomes gives the
composition of the silicon oxide phase only. The actual Si
clusters and Si and oxygen of silicon oxide matrix were
detected by EDAX measurement.
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Figure 3: Micro-Raman of the films growth at 800, 900, and
1000◦ C.

EDAX studies reveal a high concentration of silicon as the
filament-substrate distance decrease. The value of x decreases
indicating an increase in the content of silicon as shown in
Figure 2(b), where we plot the composition values of the
silicon oxide phase obtained by FTIR and the composition
of the whole film found by EDAX.

4

Journal of Nanomaterials
T = 900◦C

T = 1000◦C

(111)

(111)

(311)

0.313 nm

0.16 nm

0.313 nm
0.313 nm

0.313 nm
5 nm

5 nm
(a)

8

8
T = 900◦C

T = 1000◦C
6

Counts

Counts

6

4

2

4

2

0

0
1

2
3
4
Nanocrystal size (nm)

5

2

3

4
5
6
Nanocrystal size (nm)

7

8

(b)

Figure 4: (a) HRTEM images of the samples grown at 900◦ C and 1000◦ C, (b) histograms corresponding to the samples grown at 900 and
1000◦ C.

Thus, it is suggested to have a mixture of two phases,
using the relationship SiOx = aSi + bSiOx for the composition of both silicon and silicon dioxide phases, we obtain
coeﬃcients a, b, which are called the silicon separation
coeﬃcient and silicon oxide matrix coeﬃcient, respectively
[22]. Coeﬃcients a, b are shown in Table 2. We can deduce
that the relatively high growth temperatures (800–1000◦ C)
may induce diﬀusion of silicon atoms in silicon oxide
structure, causing phase separation and the formation of
silicon clusters embedded in a matrix of SiOx . This way, for
the film deposited at 800◦ C, it is gotten a composition of
SiO1.2 → 0.34Si + 0.65SiO1.82 .
Silicon clusters in amorphous phase or amorphousnanocrystalline phase are found in SiOx films. These

amorphous-nanocrystalline phases are detected by microRaman measurements. In Figure 3, micro-Raman spectra
of the SiOx films grown at 800, 900, and 1000◦ C; are
presented. The spectrum of the sample grown at 800◦ C
presents two bands around 180 cm−1 and 480 cm−1 . These
bands are related to disorder-activated modes in amorphous
silicon [23, 24]. For samples grown at 900 and 1000◦ C: a
reduction in the amorphous bands takes place and a small
peak appears at 521.84 cm−1 [25]. The peak centered around
521.84 cm−1 has a full width at half maximum (FWHM)
of 6.58 cm−1 and 9.54 cm−1 for samples grown at 900 and
1000◦ C respectively; these peak shows the presence of Si-ncs,
so the increase in substrate temperature helps to promote
the phase of Si-ncs. This eﬀect could be explained as follow:
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Figure 5: PL of SiOx films grown at (a) 800◦ C, (b) 900◦ C, and (c) 1000◦ C.

we assume that high temperature induces diﬀusion of silicon
to the formation of silicon clusters embedded in a matrix
SiOx , so while the process is taking place, exist an in situ
annealing caused by the high growth temperature. Thus,
when growth temperature significantly increases the clusters
start to crystallize to form the Si-ncs.
It has been reported that crystallization of silicon clusters
on annealing processes takes place at high temperatures

(1000–1300◦ C) [15, 16]. In the highlights of these SiOx films
obtained by HWCVD, the crystallization of silicon clusters
was obtained at growth temperatures of 900◦ C as suggested
the micro-Raman results.
Figure 4(a), shows the HRTEM images for samples
grown at 900◦ C and 1000◦ C. HRTEM images confirmed the
existence of Si-ncs with a mean square value about 5 nm. The
average size found for sample grown at 900◦ C was 3 nm and
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for sample grown at 1000◦ C varied between 3 and 6 nm as
shown the histograms in Figure 4(b).
Amorphous silicon clusters detected by Micro-Raman
cannot be observed by HRTEM, only silicon crystals of
nanometer size are observed. For SiOx films grown at 800◦ C,
we suggest that the growth temperature is not enough to
achieve crystallization in the silicon clusters. For films grown
at 900 and 1000◦ C the silicon clusters begins to crystallize,
suggesting the formation of a nanocrystalline core in silicon
clusters. Thus, we proposed that silicon clusters consist in
Si-ncs (nanocrystalline cores) surrounded by an amorphous
silicon shell, where the size of the Si-ncs depends of the
growth temperature. The formation of silicon clusters is
carried out entirely by diﬀusion mechanism of silicon in SiO2
[26]. This diﬀusion is dependent on growth temperature, so
the higher growth temperature the diﬀusion of silicon atoms
is higher and clusters should therefore be larger.
Nanocrystal lattice spacing in HRTEM images was estimated using the digital micrograph 3.7 software. Interplanar
distances of 0.313, 0.16 nm were measured; these distances
correspond to (111) and (311) planes of silicon [27]; respectively. Fast Fourier transform (FFT) of the selected area in
the HRTEM images (red squares) produces a diﬀractogram,
in which it was possible to determine the structure of the
crystals formed (upper right side in Figure 4(a)).
PL measurements were performed at room temperature
in a range of emission from 400 to 1100 nm. SiOx films
grown at 800, 900 and 1000◦ C show a broad PL emission
from 450 to 1100 nm (Figure 5). Peaks around 600, 800,
847 and 930 nm are observed after applying the appropriate
deconvolution. As is well known, several hypotheses have
been proposed to explain the PL origin of Si-ncs in SiOx
films. Quantum confinement (QC) and the model that
relates the PL with the presence of defects in the SiO2 /Sincs matrix and/or interface [7–9] are two of the main
mechanisms responsible for eﬃcient light emission from
nano-sized structures based in silicon. In the SiOx films
grown by HWCVD, some interface defects may exist: the one
between crystalline core and amorphous silicon shell and the
one between silicon amorphous shell and the surrounding
matrix (SiOx ).
Si-ncs observed by HRTEM are suﬃciently small to
observe QC eﬀect. PL peaks at 600, 800, and 847 nm are
generally attributed to the presence of silicon nanoparticles
[28, 29]. However this does not exclude the possibility that
defects such as Neutral Charged Oxygen Vacancies (NOV)
(Si–Si bonds), No Bridging Oxygen Hole Center (NBOHC),
positively charged oxygen vacancies (E centers), interstitial
oxygen molecules, and peroxide radicals [30–32] may be
responsible for the PL, because the emissions are located in
the same range of wavelengths.
The band emission in the infrared region with peak main
at 930 nm is related to defects, this range of emissions is not
allowed for emissions due to Si-ncs because there is a reduced
likelihood of QC. There is a linear relation between the PL
peak energy and the reciprocal of the square of crystallite
size [33], Thus for an peak energy around 930 nm, it is
likely estimated by the ratio d−1.39 [31, 33] a diameter of the
nanocrystal, d > 5 nm, which do not agree to the Bohr radius
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of the bulk silicon (5 nm) [34], which is necessary for the
quantum confinement.
We propose that both eﬀects must be responsible for the
phenomenon of PL; however a thorough study is needed to
support these assumptions.

4. Conclusion
Silicon nanocrystals in a SiOx matrix were synthesized by
the HWCVD technique. Characteristic peaks of SiO2 as well
as peaks due to the presence of hydrogen are detected by
FTIR. Using EDAX and FTIR characterization was obtained
the composition of the SiOx films, this composition is a
mixture of two phases; a phase due to the silicon and
the other phase due to silicon oxide. The crystallization
temperature of silicon clusters occurs around 900 and
1000◦ C, this crystallization results in the formation of Sincs. It is proposed that the Si-ncs observed by HRTEM are
surrounded by amorphous silicon. It is likely that the Si-ncs
observed by HRTEM between 3 and 6 nm are responsible of
the photoluminescence in films, however the Si-ncs should
be surrounded by defects which cause part of the emission,
so we proposed that both eﬀects are producing the emission
in SiOx films.
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The buckling characteristics of nonideal single- and double-walled carbon nanotubes were studied in this work via molecular
dynamics simulation method. An imperfectly straight nonideal single-walled carbon nanotube (SWCNT) with a bent along the
tube axis was used to form an array which is subjected to compression. The change in orientation of bends will result in a variation
of nonbonded interactions in an SWCNT array system. We find that these variations in the nonbonded interactions strongly aﬀect
the buckling resistance of the SWCNT array. Similarly, a nonideal double-walled carbon nanotube (DWCNT) is constructed by
varying the interlayer distance by introducing a center oﬀset on the inner core SWCNT. The inclusion of oﬀset along the tube
axis in such nonideal DWCNT can enhance or deteriorate the mechanical qualities of the DWCNT under compression. Our
numerical studies on nonideal CNT systems suggest a possibility of designing high-performing CNTs for applications involving
fiber reinforcements.

1. Introduction
Carbon nanotubes (CNTs) have attracted a significant
research interest in the academic and industry circles due
to its remarkable characteristics [1]. Extensive application
of CNTs has been in the field of structural engineering
due to its high tensile strength [2–4]. Most investigations
on the mechanical characteristics of CNTs have been performed theoretically by deploying continuum mechanics or
molecular dynamics (MD) simulation technique. The release
in strain energy of CNTs subjected to large deformations
has been explained by making use of a continuum shell
model proposed by Yacobson et al. [5]. The variation of the
buckling load with the CNT diameter has been analyzed by
Liew et al. [6]. The REBO potential was further modified
to include the long-range eﬀects to study the eﬀect of van
der Waal forces on the compressive strength of CNT by Che
et al. [7]. Ru [8] developed an elastic double-shell model to describe the infinitesimal buckling of a doublewalled carbon nanotube (DWCNT). A systematic analysis
on the buckling of multiwalled CNT (MWCNT) under radial pressure was investigated by Wang et al. [9]. They

introduced an approximate method to replace MWCNT by
few layered elastic shell. The eﬀect of boundary conditions
on the buckling behavior of MWCNTs has been studied by
Tong et al. [10]. They found that clamping the outermost
CNT in an MWCNT can enhance the critical strain up to
four times the original value. The buckling of DWCNTs subjected to torsion or compression has been studied by Lu et
al. [11]. They developed a continuum model to account for
the van der Waals interactions that act in between the layers
of the DWCNT. The eﬀect of tube radius on the critical
buckling load of a MWCNT has been investigated by He
et al. [12]. They derived explicit formulas to describe the
interlayer van der Waals interaction in an MWCNT. A
molecular structural mechanics approach was utilized to
explain the elastic buckling behavior of carbon nanotubes
by Li and Chou [13]. The results from this study indicate
the improvement in the critical axial compressive load
of a double-walled CNT (DWCNT) to that of a singlewalled CNT (SWCNT). Though all the previously mentioned
studies suggest superior mechanical qualities of CNTs, the
observed mechanical strengths [14, 15] are always lower than
the theoretical predictions. This observation is attributed
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mainly due to the poor load transfer in between the layers
of the MWCNT [16] and those of the interspatial layers
in a CNT bundle [14]. We further need to note that the
fabricated CNTs [17] are seldom perfectly straight in the
laboratory conditions resulting in its nonideal nature. The
eﬀect of these curvatures on the elastic properties of CNTs
with large aspect ratio can never be ignored [18]. In the first
part of our present study, we report the elastic properties
of a nonideal SWCNT array comprising long imperfectly
straight SWCNTs [18] with a single bent along the tube
axis. We find that the buckling characteristics are strongly
aﬀected by the interspatial distance of the SWCNT array due
to the variations in arranging a bent orientation. Based on
this understanding, we define a nonideal DWCNT in which
the center core SWCNT is arranged at an oﬀset distance to
the outer SWCNT. MD simulation technique is employed
to investigate the buckling characteristics of the nonideal
DWCNT. The results clearly indicate that the resistance to
buckling in a DWCNT arises mainly from the interlayer
van der Waals interactions which are strongly influenced by
the interlayer spacing. It should further be noted that close
spacing of the adjacent CNT layers in a nonideal MWCNT
introduces cross-links [19] which enhance the interwall shear
strength. Liew et al. [20] performed buckling analysis of
abnormal MWCNT by deploying a multishell continuum
model with a refined van der Waal force model. Their investigations revealed that the eﬀect of the van der Waals interaction is more significant for abnormal MWCNT than for
normal MWCNT. Additionally, Song et al. [21] performed
numerical simulation analysis to investigate the torsional responses of an abnormal MWCNT. They found that
the critical torsional moments of DWCNTs are considerably
enhanced due to the abnormal interlayer spacing of the
CNT. Their results were significant due to the fact that
the critical torsional moment does not always increase
with decrease in the interlayer distance of DWCNTs. Zhang
et al. [22] proposed a computer simulation model of novel
DWCNTs with an interlayer distance of less than 3.4 Å with
improved compressive stability. The MD studies on DWCNTs with abnormal interlayer distances by Song and Zhi
[23] further confirmed that the small interlayer spacing provides an eﬀective channel for load transfer of outer and inner
tubes and permits mechanical participation of two walls.
Therefore, an optimum design of the interlayer spacing in
a DWCNT will result in a superior mechanical performance.
We would however like to remark that the current study aims
to propose only a numerical model of nonideal DWCNT, and
its fabrication method still needs to be investigated. The following section presents the computational model employed
in our current work. The studies on the compressive
characteristics of SWCNT array are described next followed
by our research on the DWCNT. Finally we summarized our
findings in the conclusion section.

reactive empirical bond order function [25]. The long range
Lennard-Jones 12–6 potential [26] is further deployed to
account for the non-bonded interactions in an SWCNT array
and the DWCNT. The mathematical representation of the
previously mentioned potentials is given as

2. Numerical Simulation and Model

3. Studies on SWCNT Array

In the current study, the interatomic forces that act in
between the covalently bonded carbon atoms of the CNT
were computed using the Brenner’s second generation

3.1. Description of the Array System. It is evident from our
previous study [18] that the critical compressive strain in a
nonideal imperfectly straight SWCNT will depend strongly
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where the repulsive and attractive pair terms are given by
VR and VA , respectively. The bi j term is used to include the
reactive empirical bond order between the atoms. And the
Lennard-Jones (12–6) potential is given as
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where ε = 4.55 meV which is the well depth parameter and
σ = 3.4 Å is the collision diameter between two atoms [27].
The complete form of the potential employed is therefore
given by
ECNT = EREBO + EvdW .

(3)

The contribution due to the van der Waals interaction
(EvdW ) is accounted for when the covalent potential given by
EREBO becomes zero for bond lengths exceeding 2.0 Å. EvdW
is therefore defined as [28]
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ri j ≤ 2.0 Å,
2.0 Å < ri j ≤ 3.2 Å,
3.2 Å < ri j ≤ 10.0 Å,
(4)

where cn,k are the cubic spline coeﬃcients for computation of
the potential [28] when it turns repulsive when 2.0 Å < ri j ≤
3.2 Å.
The mechanical properties of the nonideal SWCNT
and DWCNT were investigated using MD simulation. The
simulation procedure consists of defining the initial positions
of atoms after which it is subjected to relaxation using the
potential model represented above to obtain the relaxed
energy positions using conjugate gradient technique in an
NVE ensemble. The carbon atoms at both ends of the system
are fixed not to move in the plane normal to the tube axis
and subjected to a finite inward displacement. The remaining
atoms are subjected to relaxation after every 1000 time steps
where the data is extracted. The procedure is repeated until
the system buckles completely. This simulation consists of a
total of 200,000 time steps with each time step equivalent to
1 fs.
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Figure 1: System of two “C” shaped CNTs arranged to form (a) a
convex array and (b) a concave array.
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Figure 2: The variation in the compressive strain of the (16, 0)
SWCNT and its comparison with the virtual experiment results of
[24].

on the number of bends present along the axis of CNT. As an
extension, we have investigated the eﬀect of bend orientation
on the buckling properties of nonideal CNT array system
comprising imperfectly straight SWCNTs. Using the same
naming convention as in [18], we define an imperfectly
straight (10, 10) SWCNT with a single bent along its tube
axis as a “C” shaped SWCNT with length l = 245 Å. Two sets
of SWCNT array configurations are deployed and are hence
described.
(1) Array comprising two “C” shaped SWCNTs in which
the bends face away from each other to form a convex
system (referred to as convex array).
(2) Array of two “C” shaped SWCNTs in which the bends
face towards each other to form a concave system
(represented as concave array).
The two “C” shaped SWCNTs are arranged with an
interspacial gap of 3.4 Å along the x-axis, with the array
configuration illustrated in Figure 1.
The buckling characteristic of an SWCNT is considered
first in our study. For this purpose, we chose a (16, 0)
SWCNT of “C” shaped and perfectly straight pristine configurations of various lengths. The variation in the compressive

(b)

Figure 4: Morphological structural deformation of the convex
array at (a) strain ε = 0.00 and (b) at ε = 0.0433.

strain of the SWCNT with length is depicted in Figure 2.
We also compared the results with the virtual experiment
results of the (16, 0) SWCNT performed by Sears and Batra
[24]. As described in [24], the virtual experiment follows
a procedure that closely mimics traditional macroscopic
material tests. It can be seen from Figure 2 that the variation
in the compressive strain reduces due to the inclusion of a
curvature along the tube axis. Additionally, this procedure
also helps us to validate our simulation model as described
in Section 2.
We commence our study on nonideal CNT array comprising imperfectly straight SWCNTs by investigating the
buckling characteristics of the convex array. The force-strain
plot of the array system deployed in the study is given in
Figure 3. For the array in which the two “C” shaped SWCNTs
form a convex arrangement, the critical buckling load that
the system can withstand is Pcr = 150 × 10−9 N, and the corresponding critical strain value is ε = 0.0433. This is certainly
a much improved performance over the concaved system
which buckles at ε = 0.0315. The load-carrying capacity of
the system is Pcr = 97 × 10−9 N, a reduction by about 33%.
The morphological structural deformation of the convex and
concave array is depicted in Figures 4 and 5, respectively.
3.2. Discussion. The simulation results of the array of imperfectly straight SWCNTs reveal that the buckling characteristics show a marked variation with which the bends
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(a)

(b)

Figure 5: Morphological structural deformation of the concave
array at (a) strain ε = 0.00 and (b) at ε = 0.0315.
z

3.4 Å

Elevation

x
y

Plan

x

Figure 6: Measurement of the inter-tube van der Waals force
component. The force components due to the van der Waals
interaction are measured in between the atoms from adjacent facets
of the SWCNTs in an array. This region is marked by the dashed
rectangle. The interfacial spacing is at 3.4 Å along the x axis.

are arranged. A quantitative explanation to the buckling
behavior of the SWCNT array is explained by making use of
the intertube van der Waals forces in the array system. This is
due to the fact that in a system of CNT array or MWCNT,
van der Waals interaction becomes a decisive component
[18, 29, 30] that decides the mode of buckling.
The buckling load of a CNT array is increased due to the
intertube van der Waals interaction by about 3.8 ∼ 5.2%, as
reported in [29]. This interactive force is measured by considering the reaction in between the atoms that belong to the
adjacent opposite walls of the two “C” shaped SWCNTs that

face each other as indicated by the region enclosed within the
dashed rectangle as shown in Figure 6. The intertube van der
Waals force has three mutually perpendicular components
directed along the x, y, and z direction respectively. We have
considered only the x component of the force because the
tube spacing is across the x-axis, and the force components
along the y and z axis are negligible.
Figures 7 and 8 show the macroscopic view of the central
interspacial region that separates the two “C” shaped CNTs
for both the array systems considered in our study. We
observe from the figure that for a convex array, due to the
bends facing opposite direction, the interspacial distance will
be greater than 3.4 Å. Similarly, for the concave array the
distance will be lesser than 3.4 Å due to the bends facing
each other. This variation in distance aﬀects the interatomic
distance in between the two adjacent facets as explained
earlier, which in turn aﬀects the inter-tube van der Waal
forces. The x component of the inter-tube van der Waals
force is denoted by FxvdW in our study. The relationship
between FxvdW and the strain is depicted in Figure 9 for
the convex and concave array systems. It can be seen from
Figure 9 that the value of FxvdW for a convex array is always
higher than that of the concave array. This shows a strong
correlation between the van der Waals force and the interspacial distance that separates the two “C” shaped SWCNTs.
We can also observe that near the point of critical strain,
a steep drop in FxvdW is observed which indicates that the
tube has buckled. It is evident that with the decrease in the
van der Waals force, the strengthening eﬀect of the SWCNT
array becomes weaker, and it initiates buckling at that particular value of critical strain. Additionally, we also observe
that the concave nature of arrangement in the CNT array
results in the formation of inter-tube bonds to be formed.
These inter-tube bonds are formed mainly due to the reduction in the C-C bond distance resulting in the formation of
more sp3 configuration bonds. These sp3 bonds increase the
strain energy of the concave array system (Figure 10) when
compared to the convex array. This can be observed by the
strain energy increase corresponding to the concave array
system in Figure 10 for compressive strain value approaching
the plastic limit. This increase in the internal strain energy
causes the rapid failure under the application of compressive
forces.

4. Studies on DWCNT
4.1. Description of the DWCNT System. It is evident from
Section 3 that the variation in the interspacial distance
strongly influences the nonbonded interaction. This in turn
aﬀects the elastic properties of a nonbonded CNT system.
In this section, we aim to study the variation in the
buckling characteristics of a DWCNT by varying the interlayer distance in between the two SWCNTs and hence
resulting in a nonideal DWCNT. The DWCNT used in our
study consists of a (10, 10) SWCNT nested inside a (15, 15)
SWCNT of a shorter length l = 98.5 Å. Due to the shorter
length, we assumed that the DWCNT is perfectly straight,
that is, pristine. A schematic of the DWCNT system is given
in Figure 11 where the interlayer region between the two
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Figure 7: Illustration of the inter-tube spacing in the convex array.
Even though the inter-spatial distance in between the tubes at both
ends of the convex array is kept at 3.4 Å, the corresponding distance
at the central region is greater than 3.4 Å.

Figure 9: The inter-tube van der Waals force versus the strain acting
across the inter-tube spacing between the atoms in the x-direction
from adjacent facets of the convex and concave array systems.
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Figure 8: Illustration of the inter-tube spacing in a concave array.
Atoms near the central region of a nonideal concave SWCNT array
are more closely spaced resulting in the formation of C-C bonds.

SWCNTs in the top half is represented as region 1 and those
in the bottom half as region 2. Three diﬀerent classes of
DWCNTs are deployed in our study, namely, classes “A,” “B”
and “C.” The classification is based on the interlayer distance
in region 1 and region 2 as given in Table 1. It should be
noted from Table 1 that class “B” is an ideal DWCNT while
classes “A” and “C” are categorized as nonideal DWCNTs
with nonconcentric constituent SWCNTs. The class “B”
DWCNT is equilibrated using conjugate gradient technique
in an NVE ensemble. It should be noted that energy
relaxation of class “A” and class “C” DWCNT will result in a
concentric arrangement (i.e., class “B”). Hence to maintain
the non-concentricity of class “A” and class “C” DWCNT
structure, we did not perform any energy minimization
operations and these two classes of DWCNTs are left as a prestressed structure before they were subjected to compression.

Convex array
Concave array

Figure 10: Strain energy per atom plot of the concave and convex
array of (10, 10) SWCNT. Formation of inter-tube bonds in a concave array increases the strain energy of the concave array SWCNT
system.
Table 1: Description of the classes of DWCNTs considered in our
study classified based on the inter-layer distance in region 1 and
region 2 as described in Figure 11.
DWCNT
Class A
Class B
Class C

Region 1
4.86
3.38
3.78

Interlayer Distance (Å)
Region 2
1.92
3.39
3.00

4.2. Results. The buckling characteristic of non-concentric
DWCNTs is described by making use of the force-strain plot
as depicted in Figure 12. From this plot we observe that the
normal class “B” DWCNT is able to resist the compression
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Figure 11: Schematic view of a DWCNT used in our study with the
interlayer regions marked as region 1 and region 2.
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Figure 12: Force-strain plot of the DWCNT classes used in our
study subjected to compression.

forces for an extended period compared to that of the
class “A” DWCNT with abnormal interlayer distance. The
critical buckling load of the class “B” DWCNT is 168 nN
and its critical buckling strain is ε = 0.0381. Superior elastic
properties are observed in a class “C” DWCNT system which
buckles at a critical buckling strain of ε = 0.0412 and critical
buckling load of 178 nN. The class “A” DWCNT exhibits the
least resistance to the buckling when compared to class “B”
and class “C” DWCNT systems and it buckles at a critical
strain of ε = 0.0319 with the critical buckling load of 130 nN.
The morphological variations of the three classes of DWCNT
under compression are depicted in Figure 13.
4.3. Discussion
4.3.1. Inter-Tube van der Waals Interaction. The variation in
elastic properties of the three classes of DWCNTs can once
again be explained by the non-bonded interactions that act
in between the adjacent layers of the DWCNT. Since in our
current study, the nesting of DWCNT is oriented along the
x-y plane (Figure 11), we have considered the resultant of the
x and y components of the van der Waals force that act in
between the two component SWCNTs. Mathematically this
vdW . It is evident from the
resultant force is represented as Fxy
plot (Figure 14) that the magnitude of the inter-tube van der
Waals force for the class “C” DWCNT is the highest which
results in its superior performance under compression when

(i)

(ii)
(c)

Figure 13: Morphological changes of the three classes of DWCNTs
under buckling. (a) A class “A” DWCNT at (i) strain, ε = 0.0, (ii)
strain, ε = 0.0319, (b) A class “B” DWCNT at (i) strain, ε = 0.0, (ii)
strain, ε = 0.0381 and (c) A class “C” DWCNT at (i) strain, ε = 0.0,
(ii) strain, ε = 0.0412.

compared to the class “A” and class “B” counterparts. Similar
to what we observe in a CNT array system, a steep decrease
in van der Waals forces indicate the onset of buckling. Resistance to buckling is aﬀected by the stability of these nonbonded forces during the period of elasticity after which the
DWCNT will buckle when the inter-tube van der Waals force
becomes zero.
4.3.2. Interwall Separation. It is also useful to consider the
eﬀect of interwall spacing to describe the compressive behavior of the non-concentric DWCNTs. Since from Figure 11
the oﬀset alignment is oriented across the x direction, let us
focus on the x component of the inter-tube van der Waals
forces that act in region 1 and region 2. These force components are denoted as [FxvdW ]region1 and [FxvdW ]region2 , and
the corresponding plots are given in Figures 15 and 16,
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Figure 14: The resultant of the x and y components of the intertube van der Waals force acting across the inter-tube spacing
between the atoms from adjacent layers of the inner (10, 10)
SWCNT and the outer (15, 15) SWCNT.

Figure 16: The x component of the inter-tube van der Waals force
acting across the atoms from adjacent layers of the inner (10, 10)
SWCNT and the outer (15, 15) SWCNT in the region 2 for the three
classes of DWCNT considered in our study.
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DWCNT in which the interlayer separation is below 2.0 Å,
the value of [FxvdW ]region2 is zero. Since the resistance to buckling in a DWCNT is caused by the intertube van der Waals
interaction, we can conclude that there is eﬀectively no contribution to the resistive forces from the region 2 of the
class “A” DWCNT which aids in its premature buckling. Furthermore, superior resistance to the buckling of a class “C”
DWCNT is oﬀered by the interaction forces from the region
2 which are spaced at 3.0 Å as described by the cubic spline
polynomial in (4). A nominal performance is expected from
the normal class “B” DWCNT where the interaction among
the layers spaced at 3.4 Å is determined by the ELJ (ri j ) term.

Strain
Class “A”
Class “B”
Class “C”

Figure 15: The x component of the inter-tube van der Waals force
acting across the atoms from adjacent layers of the inner (10, 10)
SWCNT and the outer (15, 15) SWCNT in the region 1 for the three
classes of DWCNT considered in our study.

respectively. We note from (4) that the interlayer spacing in
region 1 falls in between 3.2, and 10.0 Å, and the governing
interaction is mainly due to the ELJ (ri j ) term and this interactive potential decreases with increasing interatomic distance. Since the inter-layer spacing for the class “B” DWCNT
in region 1 is the lowest for all three classes of DWCNT which
is at about 3.4 Å, it exhibits a higher value of interactive van
der Waals force in region 1.
It is interesting to observe the interaction forces in
region 2 of all the three classes of DWCNT (Figure 16).
The interlayer spacing of three classes of DWCNT in this
region is distinct which will cause a functional variation in
the interactive potential as described in (4). For a class “A”

4.3.3. Strain Energy. Figure 17 shows the plot of strain energy
per atom of the inside (10, 10) SWCNT in all three classes
of DWCNT considered in our study. We can observe that
until all three DWCNTs collapse due to compressive forces,
the magnitude of strain energy per atom for the class “C”
DWCNT is always smaller than the other two classes, namely,
“A” and “B”. Furthermore, at the point of critical buckling
strain, there is a sudden increase in strain energy for class “B”
and class “C” DWCNT. This increase in strain energy is due
to the spontaneous increase in potential energy of atoms
in the DWCNT [6]. However, in the case of the class “A”
DWCNT, a drop in strain energy is observed during buckling
due to spontaneous plastic collapse [31]. This nature is due to
the fact that the arrangement of class “A” DWCNT results in
the formation of inter-tube bonds which are composed of sp3
hybridized configuration. As explained in Section 3.2, we see
that these inter-tube bonds play prominent role in increasing
the strain energy of the class “A” DWCNT. Hence, we deduce
from Figure 17 that application of compressive forces on a
class “A” DWCNT will result in accelerated accumulation of
strain energy that enhances the system instability leading to
its premature failure.
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Figure 17: Plot of the strain energy per atom for the inside (10, 10)
SWCNT in the three classes of DWCNT considered in our study.

5. Conclusion
We performed a theoretical investigation on the structural
properties of the nonbonded CNT systems using molecular
dynamics simulation technique. We constructed an array
of two “C” shaped SWCNTs oriented in mutually opposite
directions and reported a variation in the buckling characteristics. Our results show that these orientations aﬀect the
interspacial distance which in turn aﬀects the nonbonded
interactive forces in the adjacent facets of the CNT array.
Resistance to buckling of an SWCNT array is caused due to
the van der Waals forces which are explained quantitatively in
our research. Similarly, our studies on the compressive characteristics of DWCNT also show the influence of the interlayer van der Waals forces to the compressive stability of
the DWCNT. Suitable placement of the central SWCNT in
a DWCNT system will result in enhanced mechanical performance as is evident from the buckling characteristics of
the “class C” DWCNT. With recent developments in the fabrication process of carbon nanotubes, we hope that the findings obtained from this work may help in designing highperforming DWCNT and CNT array systems.
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Material length scale considerably aﬀects the mechanical properties of microcantilever components. Recently, cantilever-plate-like
structures have been commonly used, whereas the lack of studies on their size eﬀects constrains the design, testing, and application
of these structures. We have studied the size-dependent dynamic behavior of a cantilever plate based on a modified couple stress
theory and the diﬀerential quadrature method in this note. The numerical solutions of microcantilever plate equation involving
the size eﬀect have been presented. We have also analyzed the bending and vibration of the microcantilever plates considering
the size eﬀect and discussed the dependence of the size eﬀect on their geometric dimensions. The results have shown that (1) the
mechanical characteristics of the cantilever plate show obvious size eﬀects; as a result, the bending deflection of a microcantilever
plate reduces whereas the natural frequency increases eﬀectively and (2) for the plates with the same material, the size eﬀect
becomes more obvious when the plates are thinner.

The miniaturized cantilever device is one of the fastest
developing and most eﬃcient types of micro-nano devices; it
is widely used in the chemistry, physical, and biological fields
[1–3]. In these applications, the dimensions of the cantilever
are typically on the order of microns or even sub-microns.
And the performance of cantilever device depends on the
accurate extract of static bending and resonant frequency.
Using test measurements and theoretical studies, scholars
have recently proved that the mechanical properties of
miniaturized structures critically depend on material lengthscale. The size eﬀect shown in the mechanical properties considerably aﬀects the static bending and resonant frequency
shift of cantilever devices [4–6]. Therefore, studying the sizedependent behavior of cantilever devices is important.
Couple stress theory is an eﬀective method for studying
the size eﬀect [7, 8]. By rotating the gradient, the theory
introduces material length-scale parameters to the constitutive equation. Lam et al. [9] proposed a modified couple
stress model in which only one material length parameter
is needed to capture the size eﬀect, and the model has
attracted many researchers in the past years. Kong et al.
[10] used this theory to study the size eﬀect of the EulerBernoulli beam natural frequency. Ma et al. [11] then studied

the Timoshenko size eﬀect that accounts for axial deformation and the Poisson eﬀect.
Most widely known miniaturized devices are typical
cantilever plate structures. Compared with a cantilever beam,
a cantilever plate with a large surface area has higher
sensitivity. However, current studies focus only on microbeam structures, and few studies on the size eﬀect of
cantilever plates have been reported. Tsiatas [12] developed a
new Kirchhoﬀ plate model for the static analysis of isotropic
microplates with arbitrary shape based on a modified
couple stress theory. Yin et al. [13] proposed a non-classical
Kirchhoﬀ plate model for the dynamic analysis of microscale.
However, they have not studied the cantilever plate.
In this letter, we use the modified couple stress theory
and the diﬀerential quadrature (DQ) method to study the
size eﬀect of a microcantilever plate. The characteristic length
eﬀect on static bending deflection and natural frequency
of plate under uniform loads is analyzed. Furthermore, we
discuss the dependence of the size eﬀect on the geometric
dimensions of the plate.
We study a rectangular Kirchhoﬀ cantilever plate and
assuming that the initial state of the microplate is flat
and thin. The plate is subjected to a uniform distributed
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transverse load q and hence undergoes a three-dimensional
deformation state. The w represents the deflection of the z
direction.
Based on the modified couple stress theory, the governing
equation of the static bending of a microcantilever plate is
[12]


(D + D )











∂4 w x, y
∂4 w x, y
∂4 w x, y
+2
+
4
2
2
∂x
∂x ∂y
∂y 4



In the DQ method, the value of function partial
derivative at one point can be approximately to weighted
summation of function value of all the nodes, and the norder derivative of function g(x) at node xi is expressed as
[14]:



= q x, y ,

g (n) (xi ) =

(1)
where D is the classical bending rigidity of the plate and D is
the contribution of rotation gradients to the bending rigidity.
The two parameters can be expressed as
D=

Eh3
,
12(1 − ν2 )

D =

El2 h
,
2(1 + ν)

(2)

where E is Young’s modulus, ν is Poisson’s ratio, and l denotes
the material length-scale parameter representing the size
eﬀect, usually in the micro-nano order.
On the basis of (2), the governing equation for the
vibration of the plate under uniform loads can be expressed
as
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(5)

where Ci j (n) is the n-order weighting coeﬃcient and N is the
number of nodes.
By substituting (5) into (4), we can obtain the microplate
static bending equation in DQ form:
⎡

Nx
N Ny




1 x  (2) (2) 
(4)
⎣1
C
w
ξ
,
η
+
2
Cik C jl w ξk , ηl
k
j
ik
4
2 2

L

Lb

k=1

⎤



k=1 l=1
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1  (4) 
,
+ 4 C jl w ξi , ηl ⎦ =
(D + D )
b l=1

(6)
where i = 1, 2, . . . , Nx , j = 1, 2, . . . , N y . Nx and N y are the
number of nodes along the x and y directions of the plate.
When (6) is expressed in matrix form, the equation becomes

(3)



 

Ci(n)
j g xj



where ρ is the plate density and h is the thickness of
microcantilever.
The equation based on the modified couple stress theory
contains only one material length-scale parameter. Therefore, the size eﬀect can be well characterized. Meanwhile, (2)
shows that when l is zero, the equation degenerates to the
classical equations of the Kirchhoﬀ plate. It should be noted,
in this letter we focus on the size eﬀect and therefore ignored
surface eﬀect and induce residual stress.
For solving the equation of microplate, the analytical
method is well-known cumbersome, and with the change of
boundary and loading conditions, the diﬃculty of solving a
sharp increase even cannot solve. In commonly used finite
diﬀerence method and finite element method, the solving
regional needs to be divided into fairly large number of grid
or node, leading to large amount of calculation. However, as
an eﬀective numerical approach to solving boundary value
problems, the DQ method can get enough precision of the
calculation results using a few grid points, and this is the
most significant advantage in comparison to other methods.
We obtain the numerical solutions of static bending and
vibration equations using this method.
By setting ξ = x/L, η = y/b (0 < ξ < 1, 0 < η < 1), where
L and b are the length and width of the plate, respectively. The
coordinate dimensionless form of (1) can be expressed as


N




= q ξ, η .

(4)

C · w = q,

(7)

where C is the weight coeﬃcient matrix, w is the nodal
displacement array, and q is the load vector.
The boundary conditions of the cantilever plate are
ω = 0,

∂w
= 0;
∂ξ

ξ = 0,

∂2 w
∂2 w
+
ν
= 0,
∂ξ 2
∂η2

∂3 w
∂3 w
(2
+
−
ν)
= 0;
∂ξ 3
∂ξ∂η2

ξ = 1,

∂2 w
∂2 w
+
ν
= 0,
∂η2
∂ξ 2

∂3 w
∂3 w
(2
+
−
ν)
= 0;
∂η3
∂ξ 2 ∂η

η = 0,

∂2 w
∂2 w
+ ν 2 = 0,
2
∂η
∂ξ

∂3 w
∂3 w
+ (2 − ν) 2 = 0;
3
∂η
∂ξ ∂η

η = 1.
(8)

We use the equation substitution method to processing
boundary conditions. Based on this method, the DQ equations in (8) substituted the nodes equation on i = 1, 2, Nx −
1, Nx ; j = 1, 2, N y − 1, N y in (6). The correctional weight
coeﬃcient matrix C  is obtained. The boundary conditions
are introduced into (7).
We can see that C  and q are known matrixes in (7), and
then we can obtain the nodal displacement array w under
uniform loads. Finally, we can obtain the full displacement
fields using a higher-order Lagrange interpolation.
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Similarly, by transforming and arranging (3), the cantilever vibration equation in DQ form becomes

Table 1: The comparison of analytical and DQ solution for
deflection on y = 25 μm.

⎡
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N Ny
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Static bending deflection (10−8 m)
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ρhω2
1  (4) 
W
,
+ 4 C jl W ξi , ηl ⎦ −
ξ
,
η
=
i
j
(D + D )
(D + D )
b l=1

Position x
12.5 μm
Analytical solution 5.214
DQ solution
5.171
Error %
0.827

25 μm
14.925
14.805
0.809

37.5 μm
24.051
23.845
0.858

50 μm
32.014
31.720
0.919

(9)
×10−7

where W(x, y) is the mode function and ω is the angular
frequency. The matrix form of (8) is

v = 0.3
−0.5

(10)

According to the approach in (7), the natural frequency
of the cantilever vibration can be obtained. Because the
uniform load does not aﬀect the natural frequency of the
plate, the obtained value of the natural frequency is the
natural frequency of the free vibration of the plate.
We present the numerical solution of the mechanical
equations of a cantilever plate by the DQ method, then we
expect to bring value to further analyses of the size eﬀects of
cantilever plates.
We set both length L and width b as 50 μm, thickness
h as 5 μm, modulus of elasticity E as 50 Gpa, density ρ
as 2700 kg/m3 , and uniform load q as 1 N/μm. The 9 × 9
nodes were chosen for the grid point in solving regional, and
node distributions are taken based on well-accepted GaussChebyshev-Lobatto points [14].
In order to verify the eﬀectiveness of the DQ method, we
present the comparison results of analytical and DQ solution
for deflection on y = 25 μm, as shown in Table 1. We
can see that, compared with analytical solutions, the error
of DQ solution is less than 1% at diﬀerent position x. It
shows the satisfactory accuracy with a few grid points and
full performances the characteristics of little computation
quantity and high precision.
This letter is the first to present an investigation of the
size eﬀect of a cantilever plate by numerical simulation.
The following issues are analyzed: (1) the changes in the
cantilever deflection and natural frequency of the plate with
certain geometric dimensions caused by the size eﬀect and
(2) the influence of the geometric dimensions of a plate on
the strength of the size eﬀect.
Figure 1 is obtained using (7), when Poisson’s ratio as
0.3, a thickness as 5 μm, at diﬀerent length-scale parameters,
the bending deflection of the cantilever plate along the x
direction (y = 25 μm). Here, l has values of 0, 1.5, 3, and
4.5 μm. Figure 1 shows that when the length-scale parameter
l increases, the deflection of the plate considerably decreases
at the same location. For x = 25 μm, when the length-scale
parameter increases from 0 to 4.5 μm, the bending deflection
decreases from 0.15 to 0.03 μm—a reduction of 80%. This
reduction indicates an obvious size eﬀect. We emphasize that
when the length-scale parameter is zero (l = 0), the bending
deflection is the classical elasticity solution. Therefore, the
data show that, in considering the influence of the size eﬀect,
the deflection of the plate is substantially reduced.

−1
−1.5

w (m)

C · W − ρhω2 · W = q.

0

−2

Increasing characteristic length l

−2.5
−3
−3.5
−4

0

0.2

0.4

0.6

0.8

1

x

Figure 1: Deflection curve in the x direction of a cantilever plate
subjected to uniform loads; l = 0, 1.5, 3, and 4.5 μm; ν = 0.3.

Table 2 is obtained using (9), when having Poisson’s
ratio as 0.3, a thickness as 5 μm, at diﬀerent length-scale
parameters, the first four orders of the natural frequencies
of the cantilever plate; l has values of 0, 1.5, 3, and
4.5 μm. Table 1 shows that when the length-scale parameters increase, the natural frequency of each order mode
considerably increases. For the first-order mode, when the
length-scale parameters increase from 0 to 4.5 μm, the
natural frequency increases from 14 to 30 MHz—an increase
of 114%. Similarly, in considering the influence of the
size eﬀect, the natural frequency of the plate considerably
increases.
Equation (2) can explain the phenomenon above, that is,
when the length-scale parameters increases, the bending stiﬀness of the cantilever bending plate increases. Therefore, the
plate bending deflection decreases and the natural frequency
increases. In summary, when the length-scale parameters and
plate thickness are in the same order of magnitude, the size
eﬀect cannot be disregarded. In addition, with the increase in
length-scale parameters, the size eﬀect becomes increasingly
apparent. These results are in accordance with the size eﬀect
of microcantilever beams.
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Table 2: First four orders of the natural frequencies of the plate
under uniform loads at diﬀerent length-scale parameters.

1
2
3
4

Natural frequency of vibration (108 Hz)
l = 0 μm
0.14
0.47
0.69
1.49

l = 1.5 μm
0.17
0.56
0.81
1.74

l = 3 μm
0.23
0.76
1.10
2.36

l = 4.5 μm
0.30
1.01
1.45
2.59

To study the dependence of the size eﬀect on the
geometric dimensions of the cantilever plate, we set the
definitions of the relative change in deflection as (w − w0 )/w0
and the relative change in frequency as (ω − ω0 )/ω0 , where
w0 and ω0 are respectively the bending deflection and natural
frequency that do not consider the size eﬀect (l = 0), and w
and ω are, respectively, the bending deflection and natural
frequency that consider the size eﬀect. By this definition,
for the certain length-scale parameters, the influence of the
size eﬀect on mechanical properties is more substantial when
relative change is greater.
The size eﬀects of each point on the plate under the same
conditions are the same. Thus, a fixed point (x = 25 μm,
y = 25 μm) is chosen. Figure 2 and Table 3 show the
same material (with l = 5 μm), and the relative changes in
deflection and natural frequency with thickness and Poisson’s
ratios. The thickness is between 1 to 5 μm, and Poisson’s
ratios are 0.25, 0.3, and 0.35.
We can see that, the size eﬀect on mechanical properties
weakens with the increase in thickness. For a Poisson’s ratio
of 0.3, when the thickness of the cantilever plate increases
from 1 to 5 μm, the relative change in deflection is reduced
from 0.98 to 0.79 and the relative natural frequency decreases
from 9.44 to 1.28. These results indicate a considerably
reduced size eﬀect. In addition, for the cantilever plate of
a certain thickness, the relative changes in deflection and
natural frequency increase with the decrease in Poisson’s
ratio.
Based on the modified couple stress theory and the
diﬀerential quadrature (DQ) method, we studied the sizedependent dynamic behavior of a rectangular cantilever
plate. We provide numerical solutions to the static bending
deflection and natural frequency and analyzed static bending
deflection and the natural frequency vibration under the
size eﬀect and discussed the dependence of the size eﬀect
on the geometric dimensions of the plate. The results show
that the DQ solution seems quite well to approach analytical
solution and performances the satisfactory accuracy with
a few grid points. When the length-scale parameters and
the thickness are in the same magnitude, the size eﬀect
cannot be disregarded. Under the influence of the size eﬀect,
the bending deflection decreases and the natural frequency
increases. For the cantilever plate with the same material, the
size eﬀect on the mechanical properties gradually increases
when thickness decreases. This study provided data on the
size eﬀect of cantilever plates and serves as basis for future
research.

0.95

(w − w0 )/w0

Mode

1

0.9

0.85
Increasing Poisson’s ratio v
0.8

0.75

1

2

3
h (m)

4

5

×10−6

Figure 2: Relative change in the deflection of the plate with diﬀerent
thicknesses; ν = 0.25, 0.3, 0.35.

Table 3: Relative change in the first orders of the natural frequencies
of the plate with diﬀerent thicknesses.
Poisson’s
ratio
0.25
0.30
0.35

Relative change in natural frequencies
h = 1 μm
9.63
9.44
8.90

h = 2 μm
4.39
4.22
4.03

h = 3.5 μm
2.20
2.09
1.99

h = 5 μm
1.34
1.28
1.20
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A passive capacitor-based ethylene sensor using SnO2 nanoparticles is presented for the detection of ethylene gas. The nanoscale
particle size (10 nm to 15 nm) and film thickness (1300 nm) of the sensing dielectric layer in the capacitor model aid in sensing
ethylene at room temperature and eliminate the need for microhotplates used in existing bulk SnO2 -resistive sensors. The SnO2 sensing layer is deposited using room temperature dip coating process on flexible polyimide substrates with copper as the top and
bottom plates of the capacitor. The capacitive sensor fabricated with SnO2 nanoparticles as the dielectric showed a total decrease
in capacitance of 5 pF when ethylene gas concentration was increased from 0 to 100 ppm. A 7 pF decrease in capacitance was
achieved by introducing a 10 nm layer of platinum (Pt) and palladium (Pd) alloy deposited on the SnO2 layer. This also improved
the response time by 40%, recovery time by 28%, and selectivity of the sensor to ethylene mixed in a CO2 gas environment by 66%.

1. Introduction
In the United States, almost 23 percent wastage of fruit occurs
every year in the postharvest handling [1]. Ethylene gas is the
key factor for initiating the ripening process in climacteric
fruits and for accelerating the aging process, thereby reducing
the quality and shelf life of production during postharvest
transits. Climacteric fruits, such as, apples, peaches tend to
emit diﬀerent concentrations of ethylene at various stages
of ripening [2, 3]. Thus, by using ethylene gas sensors,
the condition of the fruit can be monitored based on the
concentrations of ethylene emitted.
The most common material used for sensing ethylene
in the ethylene sensor is tin dioxide [4–6]. Other materials
used are tungsten trioxide [7], palladium [8], platinum [9],
titanium dioxide [10], and zinc oxide [11]. Most of these
materials are used to model resistor-based devices, where the
conductivity of these materials either increases or decreases
based on the exposure to diﬀerent concentrations of ethylene
gas. The usual techniques followed to fabricate the sensing
layer are ceramic paste [12], thick film printing [13], sol
gel [6], and chemical vapor deposition [14] which requires

high-temperature heating and complex material mixing
techniques. Further, the ethylene detection also requires
expensive and complex methods like Quantum-cascade laser
[15], gas chromatography [16], photoluminescence [17], and
chemiluminescence [18].
The ethylene sensor presented in this paper is a simple capacitor-based sensor fabricated and tested at room
temperature. The active sensing layer is tin dioxide used
as the dielectric material, fabricated at room temperature
using low-cost dip coating technique or layer-by-layer (LbL)
self-assembly technique [19]. These fabrication techniques
that are used for coating nanolayer thickness of active layers
also allow the ease of coating the sensing layer on any surface, even on surface-like plastic, flexible polyimide sheets,
or paper. The coated nanoorganized-sensitive layers have
thickness of ca. 1300 nm and can be further reduced down
to 600 nm which is less than the traditionally used coating
technologies. The SnO2 nanoparticle used for fabrication in
this work has a particle diameter of 10 to 15 nm. This nm
particle size aids in enhancing the sensitivity of SnO2 as
studied by Korotcenkov [20]. The increase in grain boundary
area to grain volume ratio of the SnO2 nanoparticles,
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Figure 2: Top view of dielectric region with SnO2 nanoparticles
seen through the top copper plate before and after exposure to
ethylene gas.
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Figure 1: Model of ethylene gas sensor.

exceeding a certain threshold value, increases the sensitivity
[21, 22]. In addition the adsorption of Pd and Pt ions to
the SnO2 nanoparticles reduces the threshold value thereby
increasing the sensitivity as described by Straumal et al. in
[22]. Moreover, the passive nature of the SnO2 capacitive
ethylene sensor aids in the integrated with a triangular
microstrip patch antenna which represents a one of a kind
passive wireless sensor tag used for detecting freshness of
climacteric fruit [23].

2. Theory
The capacitive ethylene sensor developed has a top and
bottom copper plate. Cellulose acetate is used as an insulating
layer to prevent shorting of plates (see Figure 1). The sensing
material is SnO2 nanoparticles coated as the dielectric layer.
In this work, the SnO2 nanoparticles are n-type material
with electrons (e− ) as the majority carriers. In air, for the
nanoparticles where oxygen is absorbed, a depletion layer
(depleted of e− ) consisting of O− ionic species is formed [24].
This reaction mechanism is given by (1) and (2):
O2 + e− ←→ O−2 ,
(1)
O−2 + e− ←→ 2O− .

(2)

As more oxygen is absorbed, the depletion region
increases and the conduction region decreases in thickness.
When ethylene is encountered, the depleted electrons are
replenished back to the SnO2 surface, thereby increasing the
conduction region and reducing the depletion region (3) [6]:
C2 H4 + O− ←→ C2 H4 O + e− .

(3)

Figure 2 shows a schematic representation of the top
view of a portion of the dielectric region containing the
SnO2 nanoparticles with depletion region and conduction
region as seen through the top copper plate before and after
exposure to ethylene gas. In this model, the diﬀusion of
ethylene and air is only through the sides of the device.
Moreover, complete diﬀusion of ethylene and air over the
entire sensing dielectric region occurs in this case because of
the selected size of SnO2 nanoparticles. The change in the
depletion region of the SnO2 nanoparticles in the presence
of ethylene changes the capacitance of the sensor.
Let us assume that the particles are closely packed next
to each other with the nanoparticles of the bottom layer

aligning vertically below the top layer of nanoparticles. Let
CB be the initial capacitance of the capacitive sensor before
exposure to ethylene gas:
CB =

ε0 εr A1
,
d

(4)

where, ε0 is the permittivity of free space, εr is the dielectric
constant of SnO2 nanoparticles, A1 is the area of the
dielectric, that is, sum of the total depletion region of the
nanoparticles and the dielectric regions between nanoparticles before exposure to ethylene gas (in air), and d is the
thickness of the dielectric region. Let CA be the capacitance
of the capacitive sensor after exposure to ethylene, thus,
CA =

ε0 εr A2
,
d

(5)

where, A2 is the area of the dielectric, that is, sum of the
total depletion region of the nanoparticles and the dielectric
regions between nanoparticles after exposure to ethylene gas.
The dielectric thickness d remains the same after exposure
to ethylene gas as the changes in the depletion thickness after
exposure to ethylene happen inside the nanoparticles and the
overall thickness of the nanoparticles still remains the same.
As shown in Figure 2, the depletion region reduces
in the presence of ethylene, which causes the plate area
A2 to decrease in value. If we assume that the depletion
region reduces in thickness by about 1.5 nm, the capacitance
is reduced by 5 pF, which is similar to the reduction in
capacitance obtained experimentally. The use of nanoparticles increases the grain surface area to grain volume ratio.
The addition of Pd/Pt layer creates a contact between the
nanoparticle and the metals which induces adsorption of Pd
and Pt ions to the SnO2 nanoparticles reducing the threshold
value thus increases the sensitivity of the sensor [22].

3. Fabrication
The deposition of the insulator and sensing layers of the
capacitor has been done using dip coating, spin coating, and
LbL nanoassembly technique. The ethylene sensor given in
this paper is fabricated by dip coating technique on a flexible polyimide substrate (Pyralux FR copper-clad laminate,
DuPont). The bottom plate is the copper layer of the substrate, and the top plate of the capacitor is copper of thickness
300 nm deposited by E-beam evaporation technique. The
thickness of the insulator (cellulose acetate) is about 1200 nm
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and SnO2 coated is about 1300 nm. Initially the cellulose
acetate is dip coated and dried at room temperature (in
acetone solvent). The sensing layer of SnO2 colloids (Nyacol
Colloidal Tin 10 to 15 nm particle size and counter ion
concentration of 0.23% NH3 ) was mixed with 50%, and DI
water was coated using simple dip coating technique and
dried at room temperature. For uniform coating of SnO2 and
for better adherence of the sensing layer to the substrate, a
very thin layer of poly(diallyldimethylammonium chloride)
(PDDA) of thickness 100 nm with polycationic property was
used as in LbL fabrication technique [19]. A 10 nm layer
of Pd/Pt nanoparticles deposited using sputtering technique
was coated on the SnO2 sensing layer to increase sensitivity
and selectivity of the ethylene sensor.

4. Results and Discussions
The SnO2 capacitors were tested for capacitance using
Keithley electrical probe station using the set-up shown in
Figure 3. The ethylene gas concentration from 0 ppm to
100 ppm was used for testing purpose. Dry air was used to
flush the experimental chamber to bring the sensor back
to the original value. As Pt and Pd particles are known
for their catalytic eﬀect to enhance the sensitivity of SnO2
nanoparticles to ethylene gas stimulant [4], a layer of 10 nm
thickness of Pt/Pd alloy (80 : 20) was deposited by sputtering
technique. Thus, two sets of sensors were developed, with
and without the Pt/Pd layer. The sensor characteristics were
measured and compared for both pure SnO2 and SnO2 with
Pt/Pd layer devices (see Figure 4)
From the results obtained, it is observed that the capacitance of the sensor device decreases linearly with diﬀerent
concentration of ethylene. ΔC represents the amount of
change in capacitance when ethylene is sensed compared to
the original value of sensor capacitance in air, as given below:
ΔC = C − C0 ,

(6)

where, C0 is the capacitance of the sensor in air (0 ppm) and
C is the capacitance at varying ethylene gas concentrations.
The negative value indicates that the capacitance decreases
for an increase in ethylene concentration. From Figure 4, we
can see that the overall change in capacitance of pure SnO2
device to ethylene gas concentration from 0 to 100 ppm is

0

20
40
60
80
Ethylene gas concentration (ppm)

Pure SnO2
Device 1
Device 2
Linear (average
(device 1 and 2))

100

SnO2 with Pt/Pd
Device 1
Device 2
Linear (average
(device 1 and 2))

Figure 4: Sensitivity and reproducibility of capacitive ethylene
sensor to ethylene gas.

5 pF and for SnO2 with Pt/Pd device is 7 pF, thus showing
that the Pt/Pd layer on the SnO2 has enhanced the sensitivity
of SnO2 nanoparticles to ethylene gas by 39%. This is
attributed to the absorption of Pt and Pd ions into the
SnO2 nanoparticles which reduces the threshold value as
described by Straumal et al. in [22]. During measurements,
it was observed that SnO2 with Pt/Pd layer showed hysteresis
similar to the hysteresis eﬀect observed by Dennis et al. [25],
the cause of which is attributed to the imbalances in the
catalytic nature of Pd nanoparticles dissociating oxygen and
producing O− ions.
Figure 5 shows the degradation of the sensor over time.
The same device was tested for 5 days under the same testing
condition. The dotted line indicates the pure SnO2 device
and the solid line indicates the SnO2 with Pt/Pd device,
showing an overall change of 5 pF and 7.5 pF for pure SnO2
and SnO2 with Pt/Pd devices, respectively.
From Figure 5, it can be observed that the device with
pure SnO2 has slightly less degradation than the SnO2 device
with the Pt/Pd layer. The variations in the data points for
20 ppm and 40 ppm for the SnO2 device with the Pt/Pd layer
can be attributed to the variations in the oxygen dissociation
on Pd particle surface at room temperature [26]. Oxygen
dissociates into O− ions when it encounters Pd which acts as
a catalyst. This atomic oxygen spills over from the Pd to the
SnO2 surface enhancing the reaction of ethylene gas with the
SnO2 nanoparticles. The eﬀect can be clearly observed from
Figure 5, as only the first two ethylene concentrations show
more variations in data values which later stabilize to more
repeatable data values.
The sensor response time and recovery time are given
in Figure 6. From the figure we can see that SnO2 with
the Pt/Pd layer has the faster response time of about 3 min
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Figure 6: Response time and recovery time of pure SnO2 and SnO2
with Pt/Pd to ethylene concentration.

as compared to the pure SnO2 device with 5 min response
time. The recovery time for pure SnO2 is higher at 7 min
as compared to SnO2 with the Pt/Pd layer which has a
faster recovery time of 5 min. Therefore, the overall response
time and recovery time are improved by 40% and 28%,
respectively. The faster response time and recovery time
are also attributed to the catalytic eﬀect of platinum and
palladium in SnO2 to ethylene gas.
In this work, the developed sensor is proposed to sense
ethylene emanated from fruits, which also means that it
should be able to detect ethylene from among other gases
present in the environment. As given in [27], carbon
dioxide (CO2 ) is another gas most commonly present in
environments as in warehouses. CO2 emanates from both

climacteric and nonclimacteric fruits. Therefore, we have
checked the sensor’s sensitivity to ethylene in a carrier
CO2 gas concentration of 1000, 2000, and 3000 ppm (see
Figure 7).
The capacitive sensor with pure SnO2 dielectric layer
shows an overall decrease of 6 pF in capacitance and SnO2
with Pt/Pd shows an overall decrease of 7.2 pF for an increase
in concentration of ethylene from 0 to 100 ppm. When
comparing Figures 4 and 7, the overall change of pure SnO2
has increased from 5 pF to 6 pF, whereas for SnO2 with a
Pt/Pd layer the capacitance has almost remained the same.
This clearly indicates that pure SnO2 has cross sensitivities
to CO2 gas and that the addition of Pt/Pd layer to SnO2 has
increased the sensor selectivity by 66%.

5. Conclusion
A capacitor-based ethylene sensor fabricated at room temperature with SnO2 nanoparticles as the active dielectric layer
is presented. Devices with dielectric layer as SnO2 and SnO2
with Pd/Pt were tested. The use of Pd/Pt nanoparticles with
SnO2 improved the sensor’s sensitivity (39%), selectivity
(66%), response time (40%), and recovery time (28%) when
compared to pure SnO2 devices. The proposed sensor is a low
cost, passive and planar, and capacitor-based device, which
make it possible to be easily integrated with passive RFID tags
for wireless detection.
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We report the hot-filament chemical vapor deposition (HFCVD) growth of Zn-ZnO core-shell microspheres in the temperature
range of 350–650◦ C only using ZnO pellets as raw material. The samples were characterized by scanning electron microscope
(SEM), energy dispersive spectroscopy (EDS), and X-ray diﬀraction (XRD) techniques. SEM micrographs showed the presence of
solid microspheres and a Zn-ZnO layer in all samples. The observed heterogeneous morphology on each sample suggested two
diﬀerent growth mechanisms. On the one hand, solid microspheres were formed by means of gas phase nucleation of Zn atoms.
The Zn-ZnO layer was formed on the substrate as result of surface reactions. It is possible that Zn microspheres condensed during
the natural cooling of the HFCVD reactor as they were observed on the Zn-ZnO layer.

1. Introduction
Over the last few years, nanotechnology has emerged as an
important research field of materials science, since nanostructures exhibit superior physical properties compared to
their counterpart bulk materials. Nowadays, nanotechnology
has focused on the understanding of the physical properties of nanomaterials and their consequent applications.
The controlled fabrication of functional nanostructured
materials is an important objective of fundamental and
applied research. In addition to nanostructures, sphericallike structures such as hollow microspheres and hemispheres
have attracted great interest due to their particular properties
such as low density and distinct optical properties. The
microspheres are technologically very important among
nanostructures because of their large surface-to-volume ratio
which is useful in gas sensors and drug delivery [1, 2].
For many years, ZnO has been recognized as a promising
material. It is a compound that shows unique physical
properties for direct application in varistors [3], optical

devices [4], gas sensors [5], and so forth. ZnO has been
extensively used as a gas sensing material due to its high
electron mobility and good chemical and thermal stability
under the sensors operating conditions [6]. Therefore, the
synthesis of ZnO microspheres can be an alternative to gas
sensing applications due to the interesting properties that
exhibit the ZnO material and the microsphere structures.
Lately, various techniques have been employed to synthesize nano- and microstructures; however, some of them are
complex and considerably expensive. The HFCVD technique
is a low cost method with interesting properties. This technique has been a common method in the growth of diamond
films due to its simple design and easy scaleup to deposit
materials on substrates with large areas. The production of
nanoscale materials by the HFCVD technique has focused on
the carbon nanotubes synthesis [7–10]. In fact, the HFCVD
technique has usually been more eﬃcient in fast synthesis of
long carbon nanotubes than other complex CVD techniques
such as plasma-enhanced CVD [11–13]. One remarkable
characteristic of using the HFCVD technique in the growth
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temperature was measured using a K-type thermocouple.
During the microstructures formation, H2 gas is introduced
into the reactor, and it is then activated by contact with the
hot filament. This generates a quantity of atomic H (H∗ )
[14], which is able to decompose the ZnO pellet into Zn
gas and water vapor precursors that diﬀuse towards to the
substrate where the reaction takes place.
After the end of the growth process, the HFCVD
reactor was naturally cooled down to room temperature.
The XRD diﬀractograms were measured with a Bruker D8
Discover diﬀractometer using Cu Kα radiation (1.5418 Å).
The morphology and elemental analysis of the products were
characterized using a scanning electron microscopy (SEM)
Phillips XL-30.

3. Results and Discussion
Figure 1: Schematic diagram of the experimental configuration of
the filament, the ZnO pellet, and the substrate holder.

of diamond films and carbon nanotubes is that it uses
atomic hydrogen as a volatile radical to generate gas-phase
active species which, in large numbers, can lead into a
possible increase in the growth rate. The above-mentioned
advantages suggest this technique as an easy, reproducible,
and low-cost alternative for the production of structures
at the micro- or nanoscale. In the present work, Zn-ZnO
microspheres were obtained by the HFCVD technique, but
instead of using reactant gases, we used ZnO pellets as
the only source in the formation of gas active species. We
also used atomic hydrogen atoms in order to increase the
decomposition rate of the ZnO pellet. We consider that this
experimental setup can be a cheaper option to avoid the use
of reactant gases that in some cases may be expensive.

2. Experimental Procedure
Zn-ZnO microstructures were synthesized in a home-made
HFCVD system in the temperature range of 350–650◦ C.
Commercial ZnO powder (Mallinckrodt) was compressed
to obtain ZnO pellets (0.3 g), which served as raw material.
Molecular H was used as reactant gas. P-type (100) oriented
silicon wafers (area 4 cm2 ) and resistivity ρ = 1 − 3 Ω-cm
were used as substrates. The ZnO pellets were loaded into
the center of the HFCVD reactor (diameter 60 mm, length
350 mm) and under of the tungsten filament. The scheme
of the configuration of the filament, the ZnO pellets, and
the substrate is shown in Figure 1. Using an AC voltage
of 83.4 V, the filament was heated up to 2000◦ C and kept
parallel to the substrate holder with a distance of 9, 7, and
5 mm on each experiment to reach substrate temperatures of
350, 500, and 650◦ C, respectively. The process time was 10
seconds in all samples. The ZnO pellets were placed 2 mm
away from the filament and kept at a temperature of 1500◦ C.
The filament and the ZnO pellet temperature zones were
monitored by an infrared optical pyrometer. The substrate

3.1. SEM and EDS Measurements
3.1.1. Sample Grown at 350◦ C. Figure 2 shows the SEM
images of the sample grown at 350◦ C by the HFCVD technique. We can see in Figure 2(a) a fibrous-like morphology
with localized surface formation of dispersed micrometer
clusters. High-magnification image (Figure 2(b)) clearly
shows a heterogeneous morphology. Clusters located at the
top of the structure show a sphere-like morphology. The
surface under spheres presents a porous and nonuniform
structure. The formation of spherical particles suggests that
the material was liquid (droplet-like) before solidification.
However, the growth process for this sample (350◦ C) was
carried out at lower temperature than the melting point of
Zn (419◦ C); therefore, the liquid assisted growth mechanism
is ruled out since liquid droplets are not formed onto substrate surface at this temperature [15]. Thus, homogeneous
nucleation of Zn during gas diﬀusion and its condensation
is a strong argument to justify the obtained morphology.
Besides, the formation of sphere particles seems to be
independent from the substrate because the spheres were
observed on the fibrous structure which grows onto the
substrate surface, suggesting that they condensed during
the natural coolingdown stage. Figure 2(c) shows that the
spheres have a mean diameter around 10 micrometers. It
can also be seen that they have an irregular surface. High
magnification image (Figure 2(d)) shows that the fibrous
morphology consists of entangled wire-like structures with
irregular surface, and that they are connected with each
other. The mean thickness of the wires was about 500
nanometers. Considering the one-dimensional vapor-solid
(VS) growth of the wires [16] at 350◦ C, their irregular
surfaces are ascribed to the formation of clusters that grow
by nucleation of some species that do not reach the end of
the wire because of their mobility drastically decreases with
the natural cooling of the HFCVD reactor.
EDS spectrum of the microspheres (Figure 3(a)) shows
only Zn signals, which may confirms the gas phase nucleation
of Zn. In the case of the wires, EDS spectrum (Figure 3(b))
reveals the presence of Zn and a very little concentration of
oxygen. This suggests that wires have Zn core with a thin ZnO
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Figure 2: SEM micrographs of the sample grown at 350◦ C; the Zn microspheres on a Zn-ZnO layer composed by wire-like structures are
observed in this figure.
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Figure 3: EDS spectra of sample grown at 350 C: (a) elemental analysis from a single microsphere and (b) from the wires.
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Figure 4: SEM micrographs of the sample grown at 500◦ C; the Zn-ZnO microspheres on a compact layer are observed in this figure.
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Figure 5: EDS spectra of sample grown at 500◦ C: (a) elemental analysis from a single microsphere and (b) from layer under microspheres.
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Figure 6: SEM micrographs of sample grown at 650◦ C. The large number of microspheres covers the layer grown onto the substrate surface
completely.
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microspheres (Figure 4(d)) exhibits a film-like structure,
which is diﬀerent than the wires formed at 350◦ C.
EDS analysis of the microspheres shows Zn and O peaks
(Figure 5(a)). Although microspheres principally formed in
the gas phase and condensed at the slow cooling-down stage
at the end of the process, it is possible that some water
vapor species oxidizes their surface because the substrate is
closer from the hot filament. Therefore, a Zn microsphere
with a ZnO shell can be obtained by increasing the substrate
temperature at 500◦ C. EDS measurements of the compact
layer formed under the microspheres (Figure 5(b)) show Zn
and O peaks, indicating again that substrate surface reaction
includes Zn layer formation and a postsurface oxidation
process. Additionally, this result suggests that this compact
layer is suﬃciently thick to prevent the silicon substrate
contribution.

Figure 7: EDS spectra of sample grown at 650◦ C.

surface layer as was observed by some previous authors [17].
The wires are only partially oxidized due to its surface oxide
layer that inhibits the oxidation of the bulk Zn by forming a
protective layer, leading to a very slow oxidation.
3.1.2. Sample Grown at 500◦ C. SEM micrographs shown
in Figure 4 illustrate the morphology of product grown at
500◦ C. Figure 4(a) shows the formation of a large number
of microspheres distributed on a compact layer. The number
of the microspheres is considerably higher than that for
sample grown at 350◦ C. It is observed that surfaces of
both microspheres and the compact layer are very similar
and relatively rough (Figure 4(b)). Also, the microspheres
have relatively uniform sizes with a mean diameter about
20 micrometers (Figure 4(c)), and some of them are selfassembled leading to spherical packing. The layer under

3.1.3. Sample Grown at 650◦ C. Figure 6 shows SEM micrographs of the sample grown at 650◦ C. The obtained product
exhibits a dense structure composed by solid microspheres
(Figure 6(a)). The microspheres have uniform sizes of
approximately 50 μm. This image shows no further layer
under microspheres as seen for samples grown at 350
and 500◦ C. It could be suggested that the large number
of condensed microspheres and its coalescence lead the
microspheres to cover the layer grown onto the substrate
completely. High magnification SEM image of the microspheres is shown in Figure 6(b). It is observed that the shape
of some microspheres is lost by coalescence with the tendency
to integrate to the under layer. EDS spectrum (Figure 7)
of this sample shows Zn peaks with a low contribution of
oxygen, which confirms the presence of a Zn-ZnO structure.
3.2. XRD Measurements. Figure 8 shows the XRD spectra
of the microspheres grown at 350, 500, and 650◦ C by
the HFCVD technique. The observed diﬀraction peaks
in all recorded XRD patterns are in agreement with the
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Figure 8: XRD spectra of samples grown at 350, 500, and 650◦ C by the HFCVD technique.

JCPDS 00-035-1451 and 00-004-0831 cards corresponding
to ZnO and Zn hexagonal crystal structures, respectively.
No peaks of any other phase were detected; this rules out
the possibility of sample contamination by the tungsten
filament. The presence of ZnO and Zn phases in all XRD
spectra corroborates the fact that both microspheres and
the layer that grow on the substrate are only superficially
oxidized independently from the substrate temperature. It
is observed that peak at 43.10◦ corresponding to Zn (101)
plane in the XRD diﬀractogram of sample grown at 350◦ C
is the strongest. We suggest that the main contribution of
Zn crystals on this sample comes from the bulk Zn of the
wires due to the low number of Zn microspheres placed at
the top of the structure. At higher substrate temperatures, the
intensity ratio of the Zn peaks to the ZnO peaks decreases,
suggesting a better oxidation characteristic. It is known that
in Zn-ZnO structures, the bulk oxidation is controlled by the
outdiﬀusion of Zn through the surface ZnO layer [18, 19].
Thus, the increase of the substrate temperature enhances the

mobility of Zn, leading to the outdiﬀusion of these atoms
across of the thin ZnO layer from the microspheres and from
the layer under microspheres. This results in bigger Zn-ZnO
microspheres as a result of this physical mechanism.

4. Conclusion
Zn microspheres and Zn-ZnO core-shell microspheres were
obtained in the temperature range of 350–650◦ C by HFCVD
technique. The Zn microspheres were observed on a ZnZnO surface layer, which is formed on the silicon substrate surface during the experimental process. XRD and
EDS results suggested that all grown Zn microspheres
are only partially oxidized independently of the substrate
temperature. We suggest that the Zn-ZnO microspheres
condensed during the natural cooling of the HFCVD
reactor, and they are not formed as a result of the vaporliquid-solid growth mechanism. The formation of Zn-ZnO
microspheres by the HFCVD technique could be an easy
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and low cost way to produce these structures at the large
scale.
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“Preparation of C-axis-oriented zinc-oxide thin films and the
study of their microstructure and optical properties,” Solar
Energy Materials and Solar Cells, vol. 82, no. 4, pp. 543–552,
2004.
[4] A. E. Jimenez and J. A. Soto, “Optical transmittance and
photoconductivity studies on ZnO : Al thin films prepared by
the sol-gel technique,” Solar Energy Materials and Solar Cells,
vol. 52, no. 3-4, pp. 345–353, 1998.
[5] M. Suchea, S. Christoulakis, K. Moschovis, N. Katsarakis,
and G. Kiriakidis, “ZnO transparent thin films for gas sensor
applications,” Thin Solid Films, vol. 515, no. 2, pp. 551–554,
2006.
[6] Q. Wan, Q. H. Li, Y. J. Chen et al., “Fabrication and ethanol
sensing characteristics of ZnO nanowire gas sensors,” Applied
Physics Letters, vol. 84, pp. 3654–3656, 2004.
[7] B. Gan, J. Ahn, Q. Zhang et al., “Branching carbon nanotubes
deposited in HFCVD system,” Diamond and Related Materials,
vol. 9, no. 3, pp. 897–900, 2000.
[8] K. H. Kim, E. Lefeuvre, M. Châtelet, D. Pribat, and C. S.
Cojocaru, “Laterally organized carbon nanotube arrays based
on hot-filament chemical vapor deposition,” Thin Solid Films,
vol. 519, no. 14, pp. 4598–4602, 2011.
[9] S. L. Katar, D. Hernandez, A. B. Labiosa et al., “SiN/bamboo
like carbon nanotube composite electrodes for lithium ion
rechargeable batteries,” Electrochimica Acta, vol. 55, no. 7, pp.
2269–2274, 2010.
[10] W. W. Yi and Q. Q. Yang, “Aligned growth and alignment
mechanism of carbon nanotubes by hot filament chemical
vapor deposition,” Applied Physics A, vol. 98, no. 3, pp. 659–
669, 2010.
[11] J. H. Yim, S. Choi, S. Lee, and K. H. Koh, “Synthesis of very
dense carbon nanotube bundles using silica supported metal
catalyst,” Journal of Vacuum Science and Technology B, vol. 22,
pp. 1308–1311, 2004.
[12] K. H. Park, J. H. Yim, S. Lee, and K. H. Koh, “Catalyst-assisted
hot filament chemical vapor deposition and characterization
of carbon nanostructures,” Thin Solid Films, vol. 501, no. 1-2,
pp. 233–237, 2006.
[13] H. Umemoto, K. Ohara, D. Morita, Y. Nozaki, A. Masuda, and
H. Matsumura, “Direct detection of H atoms in the catalytic
chemical vapor deposition of the SiH4 /H2 system,” Journal of
Applied Physics, vol. 91, no. 3, pp. 1650–1656, 2002.
[14] S. J. Harris and A. M. Weiner, “Reaction kinetics on diamond:

[18]
[19]

measurement of H atom destruction rates,” Journal of Applied
Physics, vol. 74, pp. 1022–1026, 1993.
T. W. Kim, T. Kawazoe, S. Yamazaki, M. Ohtsu, and
T. Sekiguchi, “Low-temperature orientation-selective growth
and ultraviolet emission of single-crystal ZnO nanowires,”
Applied Physics Letters, vol. 84, no. 17, pp. 3358–3360, 2004.
S. Kar, T. Ghoshal, and S. Chaudhuri, “Simple thermal
evaporation route to synthesize Zn and Cd metal nanowires,”
Chemical Physics Letters, vol. 419, no. 1–3, pp. 174–178, 2006.
J. G. Wang, M. L. Tian, N. Kumar, and T. E. Mallouk, “Controllable template synthesis of superconducting Zn nanowires
with diﬀerent microstructures by electrochemical deposition,”
Nano Letters, vol. 5, no. 7, pp. 1247–1253, 2005.
J. O. Cope, “Kinetics of the oxidation of molten zinc,”
Transactions of the Faraday Society, vol. 57, pp. 493–503, 1961.
A. C. S. Sabioni, “About the oxygen diﬀusion mechanism in
ZnO,” Solid State Ionics, vol. 170, no. 1-2, pp. 145–148, 2004.

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2012, Article ID 953828, 4 pages
doi:10.1155/2012/953828

Research Article
Solubility of Carbon in Nanocrystalline α-Iron
Alexander Kirchner and Bernd Kieback
Institute of Materials Science, Technische Universität Dresden, 01062 Dresden, Germany
Correspondence should be addressed to Alexander Kirchner, alexander.kirchner@tu-dresden.de
Received 24 February 2012; Accepted 3 May 2012
Academic Editor: Grégory Guisbiers
Copyright © 2012 A. Kirchner and B. Kieback. 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.
A thermodynamic model for nanocrystalline interstitial alloys is presented. The equilibrium solid solubility of carbon in α-iron
is calculated for given grain size. Inside the strained nanograins local variation of the carbon content is predicted. Due to the
nonlinear relation between strain and solubility, the averaged solubility in the grain interior increases with decreasing grain size.
The majority of the global solubility enhancement is due to grain boundary enrichment however. Therefore the size eﬀect on
carbon solubility in nanocrystalline α-iron scales with the inverse grain size.

1. Introduction
An enhancement of solid solubility has been found in many
bulk nanocrystalline materials, for instance [1, 2]. Often the
bigger part of the eﬀect can be attributed to nonequilibrium processing such as mechanical alloying [3]. However
quantifying the impact of grain refinement on equilibrium
solid solubility is important for understanding the behavior
of nanocrystalline alloys upon thermal activation. In this
context equilibrium shall be constrained by the assumption
of a stable grain size.
The scope of this work is to develop a thermodynamic
model of nanocrystalline alloys. It has to comprise both
the nanoscale grains and the grain boundary regions, since
the fraction of atoms located in those cannot be neglected.
The description is based upon the previously published
thermodynamic treatment of alloy grain boundaries [4].
There the grain boundaries are approximated by a uniformly
dilated lattice retaining the symmetry of the bulk material
[5, 6] and are characterized by their volumetric strain ΔV/V0 .
The interstitial solution of carbon in α-iron is chosen as
an alloy of practical relevance and experimental accessibility.
In pure iron the nanocrystalline state is retained even after
prolonged annealing at 650 K [7]. At this temperature and
a time of 3600 s, the diﬀusion length of carbon in bulk iron
exceeds 50 μm [8]. Since the carbon diﬀusivity will be larger

in nanocrystalline iron, this enables chemical equilibration
without strong grain growth.

2. Thermodynamic Model of
Nanocrystalline Fe-C
The thermodynamic description of a binary Fe-C alloy under
volumetric strain is based upon Kaufman and Schlosser’s
expression [9] for the Helmholtz free energy F. The free
energy of the strained solid consists of F ◦ at zero pressure
and a second term that accounts for the elastic energy
depending on the parameter χ = (V/V0 )1/3 using the Vinet
et al. universal equation of state [10]. The isothermal bulk
modulus B0 , the molar volume V0 , and the anharmonicity
parameter η0 are given at zero pressure:
F = F◦ +




9B0 V0  
η0 1 − χ − 1 eη0 (1−χ) + 1 .
2
η0

(1)

A two-sublattice model Fe(Va,C)3 is used to describe the
interstitial solution of carbon in α-iron. In the second
sublattice carbon substitutes normally vacant octahedral
sites. Here yC marks the molar fraction of carbon in the
sublattice. Its relation to the carbon content given as the
molar fraction xC is yC = xC /(3(1 − xC )). Conveniently
choosing pure α-iron and graphite as the reference state,
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the molar free energy F ◦ of the unstrained alloy is stated by
[11] in units of Joule where T is the temperature in Kelvin:




0.5



+ 3RT yC ln yC + 1 − yC ln 1 − yC

(2)



− 190T 1 − yC yC .

Assuming a dilute alloy, B0 and η0 of pure α-iron are used
in (1). Values of B0 = 178.6 GPa, V0 = 7.09 · 10−6 m3 /mol
[12], and η0 = 5.16 [13] at T = 298 K are employed.
Their temperature dependence is calculated according to
Vinet and coworkers [10] using the coeﬃcient of volumetric
thermal expansion α0 = 36.9 · 10−6 K−1 [12]. At low
solute concentration the molar volume V0 of the alloy varies
linearly with xC , and
χ=

3

1 + ΔV/V0
1 + xC ΩFe,bcc
C

(3)

is obtained. The volume size factor of carbon in α-iron
ΩFe,bcc
= 0.825 is averaged from two publications [14, 15].
C
The equilibrium between carbon in strained α-iron and the
reference state graphite is given by F +(1 − xC ) · (∂F/∂xC ) = 0.
The strain of the crystallite interior is calculated using
Weissmüller’s model [16]. Accordingly local strain in bulk
nanocrystalline materials is caused by the fact that the
cavities defined by the adjacent grains need to accommodate
a finite number of lattice planes. The maximum linear strain
εmax is given by the interatomic distance rNN (for iron rNN =
0.252 nm [12]) and the grain size D:
|εmax | =

1
4

3 rNN
.
2 D

(4)

The predicted root mean square strain is in good agreement
with strain measured in nc-Fe by X-ray diﬀraction [17, 18].
Here the mean strain εV = −2 f A /(3B0 D) is neglected,
because with a grain-boundary stress  f A of 1.1 N/m [19] it
is more than a magnitude of order smaller than |εmax |. The
volumetric strain is given by the superposition of the linear
strain in three dimensions ΔV/V0 ∼
= εx + ε y + εz .
Furthermore a thickness w of 0.7 nm representing 3-4
monolayers and a value of ΔV/V0 = 0.12 is used to describe
average grain boundaries. This choice of parameters yields a
good agreement with an experimental value of the interface
free energy of 468 mJ/m2 at 1723 K [20].
global

Finally the resulting global solubility xC
is calculated
from the grain boundary and interior compositions with
their respective molar fractions as weighting factors:
global

xC

f =


= f xCGB + 1 − f xinterior
,
C

(5)

(D + w)3 − D3
.
(D + w)3 + D3 (ΔV/V0 )

(6)

The molar fraction of the atoms located in grain boundaries
f is corrected for the diﬀerent atomic densities and converges
for ΔV/V0 = 0 and large grain sizes toward 3w/D.

H exc − H exc
0 (eV)

F ◦ = (322050 + 75.667T)yC

0

−0.5

−0.05

0
ΔV/V0

0.05

Figure 1: Diﬀerence of the excess enthalpies of a carbon atom in
strained and strain-free iron. Results from [21] are marked as filled
circles (DFT) and open squares (MEAM).

3. Results and Discussion
Recently ab initio methods based on density-functional
theory (DFT) allow for highly accurate simulation of carbon
solution in α-iron. The excess enthalpy of carbon in iron
as defined by [21] depending on volumetric strain was
calculated at T = 0 K and infinite carbon dilution. The
result is presented in Figure 1. Good agreement with the
strain dependence of excess enthalpies computed by DFT and
a modified embedded-atom method (MEAM) is observed.
The calculated derivative of the excess enthalpy with respect
3
to the atomic volume at ΔV/V0 = 0 is −0.95 eV/ Å as com3
3
pared to −1.08 eV/ Å (DFT) and −0.84 eV/ Å (MEAM).
The maximum linear strain of the grain interior given
by (4) can be used to calculate the local volumetric strain
assuming three independent axes. For a grain size of 20 nm
the linear strain varies locally between −3.8 · 10−3 and
+3.8 · 10−3 and the volumetric strain between −0.011 and
+0.011 with the frequency distribution shown in Figure 2.
Close to ΔV/V0 = 0 the calculated carbon concentration in
equilibrium with graphite at 673 K coincides with the linear
theory of thermochemical equilibrium of solids under stress
[22]. For large strains nonlinear behavior is observed. At
lower values of ΔV/V0 indicating strong compression, the
carbon concentration converges towards zero, which is the
physically reasonable behavior.
The expected variation in composition between individual nanograins can be deduced from the range of values
calculated for xCinterior . For a grain size of 20 nm the ratio
between the maximum (9.8 · 10−4 at.%) and the minimum
carbon concentration (1.7 · 10−5 at.%) is 59. This ratio
will be even larger for smaller grain sizes. Another notable
consequence of the nonlinear trend of xCinterior is that weighted
averaging yields a deviation from bulk solubility despite the
strain distribution symmetry. Figure 3 shows the average
carbon solubility in the grain interior as a function of inverse
grain size. It increases with decreasing grain size slightly.
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A thermodynamic model for nanocrystalline α-phase Fe-C
alloys has been presented. Considering the strained grain
interior in equilibrium with graphite local variation of the
carbon concentration but only a weak size eﬀect on the
average carbon solubility is found. While the extent of

20 nm

10 nm

700

600

500
0
Fe

0.2

0.4
global
xC

0.6

0.8

[at.%]

Figure 4: Calculated solvus lines of carbon in nanocrystalline αiron of 10, 20, and 50 nm grain size compared to bulk iron.

enrichment at grain boundaries is not precisely established,
grain boundary segregation dominates the solubility increase
in the nanocrystalline state. It is concluded that the excess
carbon solubility in nanocrystalline iron over bulk iron is
proportional to the inverse grain size. At a given temperature
the overall solubility follows
global

4. Conclusions

0

Figure 3: Average solubility of carbon in the grain interior xinterior
C
global
and resulting solubility xC
in nanocrystalline α-iron at 673 K as
is scaled by a
a function of grain size. Note that the axis of xinterior
C
factor 1000.

T (K)

xinterior
is doubled with respect to the bulk solubility for
C
11 nm grains.
The carbon concentration in grain boundaries was
calculated in equilibrium with graphite assuming it to be
independent of curvature and grain size. At a temperature
of 673 K the computed value of xCGB is 3.9 at.%. This means
that carbon is enriched by a factor of 3 · 104 in the grain
boundaries with respect to the bulk. Atom probe microscopy
measurements confirm the presence of a minimum of 2 at.%
carbon in α-iron grain boundaries [23]. Other experiments
at 873 K [24, 25] yielded higher values, expressed as excess
2
densities of carbon at the interface of ΓGB
C ≈ 20 μmol/m .
=
The corresponding theoretical prediction is lower at ΓGB
C
5 μmol/m2 . The diﬀerence may be explained by the strong
variation between individual grain boundaries and the
information depth of the analytical methods employed. In
the case of autoradiography it exceeds the grain boundary
thickness of approximately 1 nm by far. The detected amount
is likely to include carbon enriched at stress fields around
grain boundaries as well. Then the concentration in the grain
boundary core is lower than ΓGB
C suggests.
Calculating the global solubility according to (5) yields
an almost linear relation with the inverse grain size as
Figure 3 illustrates. The reason is that the contribution of
enriched grain boundaries dominates the size eﬀect. Figure 4
shows the calculated solubility of carbon in nanocrystalline
α-iron of various grain sizes. Thereafter a pronounced
increase in equilibrium carbon solubility is to be expected
in nanocrystalline iron in comparison to bulk iron.

10 nm

1/D (nm−1 )

ΔV/V0

Figure 2: Solubility of carbon in the strained grain interior at 673 K.
The range and frequency distribution of the local strain is calculated
for a grain size of 20 nm. The broken line represents the result of the
theory by Larché and Cahn [22].

20 nm

xC

≈ xCbulk +

const
.
D

(7)
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Consideration of surface stress eﬀects on the elastic field of nanocontact problem has extensive applications in several modern
problems of solid mechanics. In this paper, the eﬀects of surface stress on the contact problem at nanometers are studied in
the frame of surface elasticity theory. Fourier integral transform method is adopted to derive the fundamental solution of the
nanocontact problem under shear load. As two special cases, the deformations induced by a uniformly distributed shear load and
a concentrated shear force are discussed in detail, respectively. The results indicate some interesting characteristics in nanocontact
mechanics, which are distinctly diﬀerent from those in macrocontact problem. At nanoscale, both the contact stresses and the
displacements on the deformed surface transit continuously across the uniform distributed shear load boundary as a result of
surface stress. In addition, the indent depth and the contact stress depend strongly on the surface stress for nanoindentation.

1. Introduction
Contact problems of an elastic half-space by applied loads on
its plane surface are the subject of extensive literature [1]. The
greater parts of these works of literature are concerned with
the responses subjected to surface loads with only existing
residual surface tension [2]. Corresponding problems of
complete eﬀects of surface stress (nonzero surface tension
and surface elastic properties) have also attracted the attention of a number of authors and a considerable body of literature exists on this class of problems [3]. The surface of solids
is a special region with very small thickness (a few times
of atom-spacing). Since the equilibrium lattice spacing in
the surface is diﬀerent from that in the bulk, surface stress
appears. For solids with large characteristic dimensions, the
volume ratios of surface region to the bulk material is small;
the eﬀect of surface stress then can be neglected because of
its relatively tiny contribution. However, for microsolids with
large surface-to-bulk ratio the significance of surfaces is likely
to be important, such as nanocontact problem [4]. This is
extremely true for nanoscale materials or structures.
When the characteristic size of an element or a solid
approaches nanometers, its mechanical behavior displays

remarkable size-dependent phenomena [5]. However, as
there is no intrinsic length scale involved in the constitutive
laws, the classical elastic theory cannot predict the sizedependent behavior of solids. Owing to the increasing ratio
of surface-to-bulk volume, the eﬀect of surface stress has
been considered as one of the major factors contributing to
the exceptional behaviors at nanoscale [2, 6–12].
To account for the eﬀect of surface stress in solid mechanics, Gurtin and Ian Murdoch [13, 14] developed a continuum theory of surface elasticity. For some elementary
deformation modes, the prediction of surface elasticity
showed a good agreement with directly atomic simulation.
Therefore, the surface elasticity has been widely adopted to
investigate the mechanical phenomena at nanoscale. Miller
and Shenoy [15] studied the size-dependent elastic stiﬀness
of structural elements such as nanobars, nanobeams, and
nanoplates. Cammarata et al. [16] considered the sizedependent deformation in thin film with surface eﬀect.
Through atomic simulation, Shenoy [17] calculated the surface elastic constants of metallic fcc crystal surfaces. Gao et al.
[18] developed a finite-element method to account for the
eﬀect of surface elasticity. Zhang and Wang [19, 20] investigated the eﬀect of surface energy on the yield strength of
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nanoporous materials and nanowires. Wang and Feng [2]
studied the response of a half-plane subjected to normal
pressures with constant residual surface tension. Ou et al. [9–
11] studied how the size dependence can be considered in the
mechanical performance of nanoscale structures and devices.
Zhao and Rajapakse [21] derived the fundamental solution
of an elastic layer bonded to a rigid substrate with surface
eﬀects. Due to the complexity of the problem, however,
until now there has been no systematic investigation into
the complete eﬀects of stress (nonzero surface tension and
surface elastic properties) on an isotropic elastic bulk. In this
paper, Fourier integral transform method is used to solve the
nonclassical boundary-value problems with complete surface
eﬀects.
In the present paper, the fundamental nanocontact problem of an isotropic elastic bulk with complete surface stress
eﬀects (nonzero surface tension and surface elastic properties) subjected to surface shear load is considered. The Fourier
integral transform method is employed to obtain the fundamental solution of nanocontact problem with surface eﬀects.
This method allows us to easily extend our analysis to problems involving half-plane subjected to both concentrated
shear load and uniformly distributed shear load on a finite
region. The outline of the paper is organized as follows. The
basic equations of surface elasticity are reviewed briefly in
Section 2. In Section 3, the Fourier integral transform
method is adopted to solve the nanocontact problem with
surface eﬀects subjected to shear loads. The detailed results
for the cases of uniformly distributed shear load and concentrated forces are discussed in Sections 4 and 5, respectively,
and concluding remarks are presented in Section 6.

2. Basic Equations of Surface Elasticity
In surface elasticity theory, a surface is regarded as a negligibly thin membrane that has material constants diﬀerent from
the bulk material and is adhered to the bulk without slipping.
The equilibrium and constitutive equations in the bulk of
material are the same as those in classical elastic theory, but
the presence of surface stresses gives rise to a nonclassical
boundary condition. For further details, the reader may refer
to Gurtin and Ian Murdoch [13, 14]. Here only several basic
equations of surface elasticity theory are reviewed.
In the absence of body force, the equilibrium equations,
constitutive law, and geometry relations in the bulk are as
follows:
σi j, j = 0


σi j = 2G εi j +

v
1 − 2v



εkk δi j ,

(1)

z
Z
r2

−a

r1
θ1

θ2
s

x

Figure 1: Schematic of contact problem under uniform shear load.

The strain tensor is related to the displacement vector ui
by
εi j =


1
ui, j + u j,i .
2

(2)

Assume that the surface of the material adheres perfectly
to its bulk without slipping. Then the equilibrium conditions
on the surface are expressed as
s
= 0,
σβα nβ + σβα,β
s
σi j ni n j = σαβ
καβ ,

(3)

where ni denotes the normal to the surface, καβ the curvature
s
the surface stress tensor.
tensor of the surface, and σαβ
The surface stress tensor is related to the surface strain
tensor by




s
= τ s δβα + 2 μs − τ s εβα + (λs + τ s )εγγ δβα ,
σβα

(4)

where τ s is the residual surface tension under unstrained
conditions, μs and λs are surface Lamé constants which can
be determined by atom simulations or experiments [17].

3. Nanocontact Model with Surface Effects
Considering a material occupying the upper half-plane z >
0, we refer to a Cartesian coordinate system (o-xyz), as
shown in Figure 1, where the x-axis is along the surface,
and the z-axis perpendicular to the surface. The plane-strain
conditions are assumed to ε2i = 0, and the contact is assumed
to be frictionless. In this case, the boundary conditions (3) on
the contact surface z = 0 are simplified to
σzz = 0


where G and v are the shear modulus and Poisson’s ratio
of the bulk material, σi j and εi j are the stress tensor and
strain tensor in the bulk material, respectively. Throughout
the paper, Einstein’s summation convention is adopted for
all repeated Latin indices (1, 2, 3) and Greek indices (1, 2).

a

σxz + s(x) = −

dτ s
d2 u
+ ks 2 ,
dx
dx

(5)

where s(x) is the shear load applied on the surface, and ks =
2μs + λs is a surface material constant.
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For the considered plane problem, the equilibrium equations and Hooke’s law in the bulk reduce to
∂σzz ∂σxz
= 0,
+
∂z
∂x

∂σxx ∂σxz
= 0,
+
∂x
∂z

(6)

By substituting the stresses into (7) and using (8), the
displacements are derived as
∞

1
w(x, z) = √
2 2πG

−∞

1
[(1 − v)σxx − vσzz ],
εxx =
2G
εzz =

1
[(1 − v)σzz − vσxx ],
2G
σ
εxx = xz .
2G

(7)



1 ∂u ∂w
.
εxz =
+
2 ∂z ∂x

∂2 εxx ∂2 εzz
∂2 εxz
+
=2
.
2
2
∂z
∂x
∂x∂z

σzz =

∂2 χ
,
∂x2

(8)

∂2
∂2
+ 2
2
∂x
∂z



(9)

σxz = −

∂2 χ ∂2 χ
+
∂x2 ∂z2

∂2 χ
.
∂x∂z

1
2π

1
χ(ξ, z) = √
2π

∞

= 0.

(11)

ixξ

−∞
∞
−∞

χ(x, z)e dξ,
(12)

χ(ξ, z) = (A + Bz)e

,

b=

−∞



ξ 2 A(ξ) + z − 2 ξ
∞

1
σzz = − √
2π
i
σxz = √
2π

∞
−∞

−∞







B(ξ) e−ixξ −z|ξ | dξ,





ξ 1 − ξ z B(ξ) − ξ A(ξ) e−ixξ −z|ξ | dξ.
(14)

(16)

∞
−∞

(17)
ixξ

s(x)e dx,

where b is a length parameter depending on the surface
property and material elastic constants. It should be pointed
out that this parameter indicates the thickness size of the
zone where the surface eﬀect is significant and plays a critical
role in the surface elasticity. For metals, b is estimated on the
order of nanometers [15, 19, 22].
In what follows, the two special cases including a uniform
distributed shear load over a finite region and a concentrated
shear force will be dicussed in detail, respectively.

4. Uniform Distributed Shear Load
In the case a uniform shear load s acts over the region |x| ≤ a,
one has
s(ξ) =

2 s sin(aξ)
.
π
ξ

(18)

2 s sin(aξ) 1
.
π
ξ2
1 + bξ

(19)

Therefore B(ξ) is given by


B(ξ) = i

Then the stresses are obtained as
σxx =

∞

2s
π



0

2s
σxz = −
π

∞

0

0





zξ − 2
sin(aξ) sin(xξ)e−zξ dξ,
ξ(1 + bξ)

∞

2s
σzz = −
π

ξ 2 [A(ξ) + zB(ξ)]e−ixξ −z|ξ | dξ,

s(ξ) 1
.
ξ 1 + bξ

ks (1 − v)
,
G

1
s(ξ) = √
2π

(13)

where A and B are generally functions of ξ as yet to be
determined.
Substituting (13) and (12) into (10), the stresses can be
written as
1
σxx = √
2π

B(ξ) = i



Substituting (12) into (11) and considering the condition
that the stresses vanish at infinity, one obtains

∞


×B(ξ) e−ixξ −z|ξ | dξ.

χ(x, z)e−ixξ dξ.

−z|ξ |



Here

(10)

To solve the boundary-value problem, the Fourier integral transformation method is adopted to the coordinate x.
Then, the Airy-stress function χ(x, z) and its Fourier transformation χ(ξ, z) can be expressed as
χ(ξ, z) = √

−∞



(2 − v) ξ A(ξ) + z ξ − 2(1 − v)

A(ξ) = 0,

Then the equilibrium equations in (6) are satisfied automatically, and the compatibility equation in (9) becomes




Substituting (15) and (14) into the surface condition (5)
leads to

As in classical theory of elasticity, the Airy stress function
χ(x, z) is defined by
∂2 χ
,
∂z2

∞

i
u(x, z) = √
2 2πG

which satisfy the following compatibility condition:

σxx =

B(ξ)

(15)



∂w
εzz =
,
∂z



× e−ixξ −z|ξ | dξ,

The strains are related to the displacements by
∂u
εxx =
,
∂x



ξ A(ξ) + 1 − 2v + z ξ





z
sin(aξ) sin(xξ)e−zξ dξ,
1 + bξ


1 − zξ
sin(aξ) sin(xξ)e−zξ dξ.
ξ(1 + bξ)
(20)
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The corresponding displacements are expressed as
s
πG

∞

0

(2 − v)zξ − 2(1 − v)
ξ 2 (1 + bξ)

0.5



0
−0.5

× sin(aξ) cos(xξ)e−zξ dξ,

s
w(x, z) =
πG

∞

0

−1

(21)
σxx /s

u(x, z) = −



1 − 2v + zξ
sin(aξ) sin(xξ)e−zξ dξ.
ξ 2 (1 + bξ)

0
∞

0

−1

b
t+1
a

−1

b
t+1
a









sin(t)
x
sin t dt,
t
a

−3
−3.5





w(x, 0) =

(1 − 2v)as
πG

0

b
t+1
a



2(1 − v)as
πG

∞

−1

b
t+1
a



sin(t)
x
sin t dt.
t2
a
(24)

sin(t)
t2

2

2.5

3

3.5

4

b/a = 0.2
b/a = 2

−0.1
−0.2
−0.3

If the shear displacement u is specified to be zero at a
distance l on the contact surface, that is, u(l, 0) = 0, the
displacement on the surface is derived as
u(x, 0) =

1.5

Figure 2: Distribution of contact normal stress under a uniform
shear load.

(23)

1/2

−1

1

0.1
0

where tan θ1,2 = z/(x ∓ a) and r1,2 = [(x ∓ a)2 + z2 ] .
Assuming that the origin has no displacement in the z
direction, that is, w(0, 0) = 0, one obtains


0.5

b/a = 0
b/a = 0.5



s
r
4 ln 1 − (cos(2θ1 ) − cos(2θ2 )) ,
σxx =
2π
r2
s
σxz = − [2(θ2 − θ1 ) + (sin(2θ1 ) − sin(2θ2 ))],
2π

∞

0

x/a

A closed-form solution for the elastic field of the halfplane cannot be obtained due to the complexity of the
integrals involved in the solution. However, when b = 0, that
is, the surface influence is ignored in (22), the stresses of the
half-plane are in agreement with those in the classical elastic
results [1], and are expressed as


−4

(22)

sin(t)
x
cos t dt.
t
a

σxz /S

2s
σxz = −
π

∞

−2
−2.5

On the contact surface z = 0, the stresses is given by
4s
σxx = −
π

−1.5

−0.4
−0.5
−0.6
−0.7
−0.8
−0.9
−1
−1.1

0

0.5

1

1.5

2

2.5

3

3.5

4

x/a
b/a = 0
b/a = 0.5

b/a = 0.2
b/a = 2

(25)

Figure 3: Distribution of contact shear stress under a uniform shear
load.

It is instructive to examine the influence of the surface
stress on the stresses and displacements of the contact surface
and compare them with those in classical contact problem.
Surface stress can be obtained from experiments [2] or
atomic simulations [15]. According to these results, the
influence of surface stresses, characterized by the intrinsic
length, b = ks (1 − v)/G, becomes significant at nanoscale. For
the illustration of the eﬀects of surface energy, b/a is taken as
0, 0.2, 0.5, and 2 in our calculations. Figures 2 and 3 show the
distribution of the stresses σxx and σxz on the contact surface,
where the solution of b/a = 0 is consistent with the classical
elastic result. When the loading size a is comparable to the
parameter b, that is, of the order of nanometers, the influence

of surface stress is evidently significant. It can be seen
from Figure 2 that the normal stress transits continuously
across the loading boundary x = ±a, which is opposed
to a singularity predicted by classical elasticity. In addition,
the maximum normal stress in the bulk increases with an
increase in surface stress. In the loading region (|x/a| < 1.0),
the normal stress is decreasing monotonically with respect
to x, and the inverse is observed outside the loading region
(|x/a| > 1.0). It is also found in Figure 3 that shear stress
changes smoothly across the loading boundary x = ±a,
which is diﬀerent from a rapid jump from zero outside the
load region to s inside the load region predicted by the
classical contact problem. In addition, the maximum shear

0

  
 
x
l
× cos t − cos t dt.

a

a
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5. Concentrated Shear Load

1.6

Now the extreme situation that a point force S acts on the
surface at the origin is considered by setting 2sa → S as a →
0. Thus, one has

1.4

w(x, 0)/m1 a

1.2



1

B(ξ) = i

0.8
0.6

1 S 1
.
2π ξ 1 + bξ

(26)

Substituting (26) into (14) and (15), the corresponding
stress and displacement distributions are given as follows,
respectively,

0.4
0.2
0
0

0.5

1

1.5

2

2.5

3

3.5

x/a

Figure 4: Surface displacement under a uniform shear load.

S
π

σxz = −

S
π

u(x, z) = −

3
2.5

S
πG

w(x, z) =

zξ − 2
sin(xξ)e−zξ dξ,
1 + bξ

0

σzz = −

b/a = 0.2
b/a = 2

b/a = 0
b/a = 0.5

∞

S
π

σxx =

4

∞

∞

0
∞

0

zξ
sin(xξ)e−zξ dξ,
1 + bξ

(27)

1 − zξ
cos(xξ)e−zξ dξ,
1 + bξ

(2 − v)zξ − 2(1 − v)
cos(xξ)e−zξ dξ,
ξ(1 + bξ)

0

∞

S
πG

1 − 2v + zξ
sin(xξ)e−zξ dξ.
ξ(1 + bξ)

0

(28)

u(x, 0)/m2 a

2

However, when b = 0, which implies that the surface
influence is ignored, the stresses of the half-plane can be
obtained as

1.5
1

σxx = −

0.5

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

x/a
b/a = 0
b/a = 0.5

b/a = 0.2
b/a = 2

which are consistent with those in classical contact mechanics [1].
On the contact surface, the stresses and displacements are

Figure 5: Surface indentation under a uniform shear load.

σxx = −
stress in the bulk decreases continuously with the increase of
surface stress.
Due to the diﬀerent surface stress value, the surface
displacement on the contact surface is plotted in Figure 4
with m1 = (1 − 2v)s/πG which also shows that the gradient
of the surface displacement is continuous everywhere on
the deformed surface, though the classical elasticity gives
only discontinuous displacement gradient at x = ±a. With
the increase of surface stress, the indent depth decreases
continuously. The horizontal displacement is displayed in
Figure 5, where we set l = 5a. and m2 = 2(1 − v)s/πG.
It is seen that the slope of the deformed surface for a > 0
is continuous everywhere. However, the classical elasticity
theory predicted unreasonably that the gradient of the
deformed surface is infinite at the load boundary x = ±a,
as seen from the curve of b/a = 0.

(29)

x2 z
2S
σxz = −
π (x2 + z2 )2

0
0

x3
2S
,
π (x2 + z2 )2

∞

G

1−v

G
σxz = −
1 − 2v
u(x, 0) = Λ1

∞

0



0
∞

0

−1

b
t+1
Λ2



−1

b
t+1
Λ2



−1 

1 b
t+1
t Λ2

w(x, 0) = Λ2

∞

0



sin





cos



x
t dt,
Λ2





x
cos
t dt,
Λ2




x
l
t − cos
t
Λ2
Λ2

−1

1 b
t+1
t Λ2



sin

(30)



dt,



x
t dt,
Λ2

(31)

where
Λ1 =

2(1 − v)S
,
πG

Λ2 =

(1 − 2v)S
.
πG

(32)

The variation of the distribution of stresses on the contact surface subjected to a concentrated shear force with
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Figure 6: Distribution of the contact normal stress under a concentrated shear load.
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Figure 8: Surface displacement under a concentrated shear load.
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Figure 7: Distribution of the contact shear stress under a concentrated shear load.

various values of b/Λ2 is shown in Figures 6 and 7. In
classical elasticity without surface eﬀect (i.e., b/Λ2 = 0),
the stresses tend to infinity at the loading point x = 0,
while it approaches finite values when surface stresses are
present. And the stresses σxz and σxx at x = 0 decrease
with the increase of surface stress characterized by b/Λ2 .
Figure 8 shows the maximum surface displacement in the
bulk decreases with the increase of surface stress. Figure 9
shows the surface indentation for several representative
values of surface stresses. Diﬀerent from the classical elastic
solution without surface eﬀects (i.e., b/Λ2 = 0), in which
the indent depth at x = 0 is maximum, the indent depth
will decreases when the eﬀect of surface stress is taken into

b/Λ2 = 0
b/Λ2 = 0.5

b/Λ2 = 0.2
b/Λ2 = 2

Figure 9: Surface indentation under a concentrated shear load.

account. The indent depth decreases as the surface stress
increases.
Though only two special cases have been considered in
contact problems with surface stresses, based on the solution
of a point force applied on a semi-infinite body, one can deal
with various types of contact problems by solving an integral
equation, as those have been done in the classical contact
mechanics.

6. Conclusions
The two-dimensional nanocontact problems for elastic bulk
materials subjected to surface shear loads are investigated
with completed surface stress eﬀect (nonzero surface tension
and surface elastic properties). A set of analytical solutions
are presented by using Fourier integral transform method.

Journal of Nanomaterials
The closed-form solution can be derived for the case of a
half-plane. For the two particular cases of a uniform distributed shear load and a concentrated shear force, the results
are analyzed in detail and compared with the classical linear
elastic solutions. It is found that the surface elasticity theory
illuminates some interesting characteristics of nanocontact
problems, which are distinctly diﬀerent from the classical
solutions of elasticity without surface eﬀects. The contact
stresses and the displacements of the deformed surface
change smoothly across the loading boundary; moreover the
stress and the indent depth show a significant dependence
on the surface stress. Therefore the eﬀects of surface stresses
should be considered for nanocontact problems.
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Hened Saade,2 José L. Martinez,1 Anna Ilyina,1 and Raúl G. López2
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Boulevard V. Carranza y José Cárdenas Valdés, 25280 Saltillo, COAH, Mexico
2 Departamento de Procesos de Polimerización, Centro de Investigación en Quı́mica Aplicada, Boulevard Enrique Reyna No. 140,
25294 Saltillo, COAH, Mexico
Correspondence should be addressed to Raúl G. López, glopez@ciqa.mx
Received 1 March 2012; Accepted 23 April 2012
Academic Editor: Sergio J. Mejı́a-Rosales
Copyright © 2012 Karla M. Gregorio-Jauregui 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.
Preparation of magnetic nanoparticles coated with chitosan in one step by the coprecipitation method in the presence of diﬀerent
chitosan concentrations is reported here. Obtaining of magnetic superparamagnetic nanoparticles was confirmed by X-ray
diﬀraction and magnetic measurements. Scanning transmission electron microscopy allowed to identify spheroidal nanoparticles
with around 10-11 nm in average diameter. Characterization of the products by Fourier transform infrared spectroscopy
demonstrated that composite chitosan-magnetic nanoparticles were obtained. Chitosan content in obtained nanocomposites
was estimated by thermogravimetric analysis. The nanocomposites were tested in Pb2+ removal from a PbCl2 aqueous solution,
showing a removal eﬃcacy up to 53.6%. This work provides a simple method for chitosan-coated nanoparticles obtaining, which
could be useful for heavy metal ions removal from water.

1. Introduction
Magnetic iron oxides, like magnetite (Fe3 O4 ) and maghemite
(γ-Fe2 O3 ) are a widely known materials because of their superparamagnetism when the particles are smaller enough
[1]. This property, along their low toxicity and a great
surface/area ratio, makes magnetic nanoparticles attractive
for a number of actual and potential applications [2–8].
For applications in biomedical and environmental fields,
magnetic nanoparticles are usually coated with polymers,
bounded to the particle through organic linkers [9]. This
type of coating is able to recognize specific molecules and
ions for their binding and removal. Furthermore, in some
cases it oﬀers enhanced stability [10].
Chitosan is a partially deacetylated form of chitin obtained by thermochemical treatment. It has been identified as
a versatile biopolymer, nontoxic, and biodegradable, which is
used for a number of agriculture, food, and biopharmaceutical applications [11, 12]. Free amino and hydroxyl groups

are responsible for the reactivity of this polymer. Magnetic
nanoparticles coated with chitosan can provide a convenient
tool for exploring separation techniques as well as novel
applications in fields such as protein and metal adsorption
[2, 13, 14].
Obtaining of magnetic nanoparticles coated with chitosan by coprecipitation of magnetic material followed by
polymer coating is a well-documented method [13, 15–18].
Using this approach, chitosan-coated magnetic nanoparticles
from 14 [17] to 25–30 nm [13, 15, 16] in average diameter
and diﬀerent coating degrees were obtained.
An attractive option to obtain this type of particles is
carrying out precipitation and coating in one step. To our
best knowledge, there are very few reports on this subject [19,
20]. Hong and Rhee [19] prepared chitosan-coated magnetic
nanoparticles with 28 wt. % in theoretical chitosan content
by coprecipitation in a solution containing Fe+2 , Fe+3 , and
chitosan. However, particle size as determined by quasielastic light dispersion was relatively large, 67 nm in average

2
diameter, despite that uncoated magnetic nanoparticles were
very small, with average diameter around 7.5 nm. The cause
of this increase in size was not discussed in the paper. Furthermore, additional characterization of coated nanoparticles was not included. Rather, the attention was focused on
establishing the eﬀect of chitosan-coated magnetic nanoparticles on the relaxation times of hydrogen protons of water
molecules in a dispersion of this type of particles in water.
On the other hand, Wu et al. [20] reported the in situ
preparation of chitosan-coated magnetic nanoparticles for
lipase immobilization. The nanoparticles were obtained by
precipitation of Fe(OH)2 and further controlled oxidation
to Fe3 O4 in an aqueous solution containing crosslinked
chitosan. It is noteworthy that the weight ratio chitosan
in the formulation to the theoretical Fe3 O4 was very high
(≈8.7). In contrast with the report of Hong and Rhee [19],
Wu et al. [20], based on the characterization by vibrating
sample magnetization and the thermogravimetric analysis of
the nanoparticles, concluded that chitosan-coated magnetic
nanoparticles were prepared. According to the measurements
by transmission electron microscopy, particle diameters of
Fe3 O4 ranged between 10 and 20 nm and those of chitosancoated magnetic nanoparticles, between 50 and 100 nm.
We report in this paper the coprecipitation of magnetic
nanoparticles in the presence of diﬀerent chitosan concentrations. A detailed characterization of the products was
carried out to demonstrate the feasibility of this method
for obtaining chitosan-coated magnetic nanoparticles in one
step. Moreover, the kinetics of interaction between selected
nanocomposites and Pb+2 ions was determined to evaluate
their ability to ions removal.

2. Materials and Methods
2.1. Materials. All reagents were high-purity grades from
Aldrich and used without further purification: chitosan with
low molecular weight and 75% deacetylation degree, ferric
chloride (FeCl3 ·6H2 O, 99%), ferrous chloride (FeCl2 ·4H2 O,
98%), and aqueous ammonia (NH4 OH, 57.6 wt. %). Deionized and triple-distilled water was drawn from a Millipore
system.
2.2. Preparation of Coated Magnetic Nanoparticles. The process was carried out in a 150 mL jacketed glass reactor
equipped with a reflux condenser, mechanical agitation
(400 rpm), and an inlet for the feed of aqueous ammonia.
All the reactions were performed in duplicate (set 1 and set
2). The procedure started with mixing in the reactor 50 mL
of FeCl3 ·6H2 O (0.32 M) and 50 mL of FeCl2 ·4H2 O (0.2 M).
Then, the required amount of chitosan was added to the
reaction mixture, raising the mixture temperature to 50◦ C.
Three concentrations of chitosan were used: 0.125, 0.25,
and 0.5% (w/v). Coprecipitation reaction without chitosan
was also carried out as a control. Once Fe+2 , Fe+3 , and
chitosan solution reached the desired temperature (50◦ C),
the dosing of 20 mL of the aqueous ammonia at 0.67 mL/min
was started. After dosing was over, the completion reaction
was allowed to proceed for 20 min. At the end of the reaction,
the particles were recovered by using a permanent magnet,
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washed 25 times with de-ionized water, and lyophilized to
obtain the final product.
2.3. Nanocomposites Characterization. X-ray analysis of the
products were carried out with a Siemens D-5000 diﬀractometer using Cu-Kα (λ = 1.5418 Å) as incident radiation.
The size and morphology of the particles were determined in a JEOL JSM-7401F scanning-transmission electron
microscope (STEM), for which samples were prepared by
dispersing the resulting powders in water with ultrasonication and then depositing the dispersion on a copper
grid. The magnetic properties of the nanoparticles were
determined using a Physical Properties Measurement System
from Quantum Design, model 6000 in mode-vibrating
sample magnetometer (VSM), with an applied field between
−20.0 to 20.0 kOe at room temperature. Attenuated total
reflectance (ATR) Fourier transform infrared spectrometry
(FTIR) was carried out in a Magna IR 550 from Nicolet with
germanium crystal. Thermogravimetric analysis (TGA) of
nanocomposite and chitosan was performed in a TGA Q500
from TA Instruments. Analyzed samples were heated from 30
to 800◦ C at a heating rate of 10◦ C/min under a nitrogen flow
of 50 mL/min.
2.4. Pb+2 Removal by Using Chitosan-Coated Magnetic Nanoparticles. Typically, 60 mg of dried nanoparticles were
added to 50 mL of 10 ppm Pb+2 aqueous solution. Then,
this mixture was ultrasonicated for 50 min at room temperature taking samples during the process each 10 min.
After the magnetic chitosan nanocomposites were removed,
the concentration of Pb+2 in the samples was measured by
atomic absorption spectroscopy in a Varian Spectra 250 AA
equipment.

3. Results and Discussion
All reactions rendered a black powder at the end of the process. There was no visually detected diﬀerence between the
nanoparticles prepared with and without chitosan. Figure 1
shows the X-ray diﬀraction pattern (XRDP) of the final
products obtained in set 1 of precipitation reactions. XRDP
of the products from set 2 (not included) shows the same
signals pattern. As is well-known, precipitation reactions
from Fe+2 + Fe+3 aqueous solution using aqueous ammonia
usually produce a mixture of magnetite and maghemite. To
compare with the obtained results, the standard patterns of
these species, taken from the library of our X-ray equipment,
were included in Figure 1. From this figure, it is evident that
product patterns match pretty well those of maghemite and
magnetite. Although diﬀerentiation between both species
is not possible from the X-ray data in Figure 1, magnetite
presence is evident due to the black color of the final products. It is noteworthy that there is no diﬀerence in the
patterns of the products obtained with and without chitosan,
which leads to conclude that the presence of this polymer
does not aﬀect the crystallinity of the precipitation reaction
products.
The average grain sizes of the magnetic nanoparticles
obtained in set 1 and 2 of precipitation reactions were
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Figure 1: X-ray patterns of magnetic nanoparticles prepared by coprecipitation method (at 50◦ C) without chitosan and with diﬀerent
chitosan concentrations: (a) without chitosan; (b) 0.125; (c) 0.25; (d) 0.5 (w/v %); (e) magnetite standard pattern; (f) maghemite standard
pattern.

calculated by using data from their XRDPs and the wellknown Scherrer equation, which is represented as
d=

Kλ
,
β cos θ

(1)

where d is the average diameter of grain in nm; K is
the dimensional factor (0.9); λ is the X-ray wavelength
(0.154 nm); β is the line broadening at half the maximum
intensity in radians and θ is the Bragg’s angle. Calculated
values of average diameter of grain were 11.1 ± 0.6, 11.6 ±

1.3, 12.6 ± 0.5, and 10.6 ± 0.3 for products prepared with
0, 0.125, 0.25, and 0.5% (w/v) chitosan, respectively. These
results indicate an absence of eﬀect of chitosan on the grain
size of magnetic nanoparticles.
Micrographs of the final products prepared with and
without chitosan (set 1) are shown in Figure 2. Particles in
this figure show a spheroidal morphology, but a diﬀerence
between the particles obtained with and without chitosan
is not evident. To characterize these particles, the sizes of
more than 1000 of them were measured from diﬀerent
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Figure 2: STEM micrographs and their corresponding particle diameter histograms of particles prepared by coprecipitation method (at
50◦ C) without chitosan and with diﬀerent chitosan concentrations: (a) without chitosan; (b) 0.125; (c) 0.25; (d) 0.5 (w/v %).

micrographs of each of the samples using an image analysis
program (ImageJ 1.37 c). The results of this analysis were
presented as the corresponding histograms of particle diameters and included in Figure 2. Furthermore, the numberaverage diameter (Dn ), the weight-average diameter (Dw ),
and the polydispersity index (Dw /Dn ) were calculated by
using the following equations [21]:


nD
Dn =  i i ,
ni


Dw = 

(ni Di )4
,
(ni Di )3

(2)

Table 1: Average diameters and polydispersity index of particles
prepared by coprecipitation method determined: (a) from XRD
data; (b) and (c) from STEM micrographs.
Chitosan content
in reaction mixture
(w/v %)
0
0.125
0.250
0.500

D p (a) (nm)

Dn (b) (nm)

Dw /Dn (c)

11.1 ± 0.6
11.6 ± 1.3
12.6 ± 0.5
10.6 ± 0.3

11.5
9.9
10.0
11.0

1.2
1.1
1.2
1.3

(3)

where ni is the number of particles of diameter di .
Dn and polydispersity values from products (set 1) are
shown in Table 1. It should be clarified that the data in this
table correspond to the sizes of magnetic nanoparticles, that
is, the nanoparticles without chitosan coating. As it can be
seen, Dn of magnetic nanoparticles obtained in this study
when chitosan was used in their preparation ranges from
9.9 to 11 nm, a very small range to consider that a direct
relation between the particle size and the chitosan used in
the formulation exists. It is noteworthy that these particle
diameters are smaller than those reported in the preparation
of magnetic nanoparticles by coprecipitation method, which
ranges from 14 [17] to 25–30 nm [13, 15, 16]. Although, it
cannot be excluded that other authors using this method
have obtained magnetic nanoparticles with similar sizes to
those obtained in this work, they were not identified in the
search in the specialized literature.

For comparison, the values of grain average diameters
calculated with Scherrer equation are also included in
Table 1. Data in this table indicate that sizes from X-ray
information and those measured by STEM are very similar.
This suggests that no aggregation of the grains during
magnetic nanoparticles forming was occurred, even in the
presence of chitosan.
To this point, it is clear that a mixture of magnetitemaghemite nanoparticles was obtained in presence of chitosan. It is assumed that at least part of chitosan used in
the process is coating these nanoparticles. This assumption
comes from the expected bond between the hydroxyl groups
in the chitosan and the oxygen atoms of Fe3 O4 (magnetite)
and Fe2 O3 (maghemite). Unfortunately, it was not possible to
demonstrate this assumption by STEM. Nevertheless, in the
following, the obtaining of a composite chitosan-magnetic
nanoparticles will be demonstrated.
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Table 2: Results of magnetic characterization of nanoparticles obtained at 50◦ C without chitosan and with diﬀerent chitosan concentrations.
Chitosan content
in reaction mixture
(w/v %)
0
0.125
0.250
0.500

Magnetization at 20 kOe
(emu/g)

Remnant magnetization
(emu/g)

Coercivity (Oe)

70.13 ± 0.01
66.35 ± 2.10
61.57 ± 5.04
45.07 ± 3.73

2.33 ± 1.32
2.29 ± 0.41
4.61 ± 2.03
3.10 ± 0.29

26.85 ± 13.62
27.09 ± 4.24
64.39 ± 41.98
40.91 ± 0.49
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Figure 3: Magnetization curves determined at room temperature
for particles prepared by coprecipitation method (at 50◦ C) without
chitosan and diﬀerent chitosan concentrations: () without chitosan; (•) 0.125; () 0.25; () 0.5 (w/v %).

The results of magnetic measurements of the nanoparticles prepared in set 1 are depicted in Figure 3. None of
the curves in this figure shows magnetic saturation up to
20 kOe, which is understandable taken into account that
the surface atoms in very small particles, which constitute
a great fraction of the total atoms, have diﬃculties for
aligning the magnetic moments in the direction of applied
magnetic field [22]. The results of magnetic characterization
of nanoparticles from set 2 (not shown) are very similar to
those described for nanoparticles from set 1. Table 2 shows
the mean values of the magnetic properties for the products
obtained in precipitation reactions (set 1 and set 2).
Obtained results (Figure 3 and Table 2) demonstrate that
nanoparticles prepared without chitosan are characterized
by the highest final magnetization value (70.1 emu/g) and
that this value decrease between 66.4 and 45.1 emu/g, as
chitosan content in the precipitation reactions increases.
Furthermore, the very small values for remnant magnetization (2.3–4.6 emu/g) and coercivity field (26.9–64.4 Oe)
suggest a superparamagnetic behavior of all the nanoparticles prepared in this study [23]. In fact, this behavior is
typical of magnetite and maghemite nanoparticles smaller
than 10–15 nm in diameter [23]. The decrease of the
nanoparticles final magnetization as the chitosan content
used in the precipitation reactions increased indicates that

the proportion of the nonmagnetic material (in this case,
chitosan) in nanoparticles increased. A comparison of the
results of magnetic characterization obtained in this study
with those reported in the specialized literature indicates that
the final magnetization value of the naked particles prepared
in this study is higher than those reported by Ge et al. [17]
and Wu et al. [20]. Furthermore, they are similar to that
obtained by Pan et al. [16] but lower than those reported
by Liu et al. [13] and Kuo et al. [18], who obtained values
of magnetic saturation around 80 emu/g. Nevertheless, due
to the relatively large size of the nanoparticles (≈25 nm
in average diameter) obtained by Liu et al., they presented a ferromagnetic behavior, which is not attractive for
some applications where reuse of nanoparticles is required,
because their high values of remnant magnetization. Regarding to chitosan-coated nanoparticles, the final magnetization
values obtained in this study are similar to those reported
by other authors [16–18] and higher than that reported by
Wu et al. [20], who obtained a value of 35.5 emu/g. It is
noteworthy the relatively high values of final magnetization
were obtained in this study, despite that the sizes of magnetic
nanoparticles are in the bottom of the sizes range reported
in the literature on preparation of magnetic nanoparticles
by coprecipitation method [13, 15–20]. In accordance with
the known fact that the magnetization of small particles
(diameters smaller than ca. 15 nm) decreases as particle size
decreases [24, 25], smaller values of magnetization should
be expected. Based on the reported direct relation between
crystallinity and magnetization in magnetic particles [26],
the higher magnetization values obtained in this study could
be tentatively ascribed to an improved crystallinity of the
magnetic nanoparticles.
Conclusive evidence of the obtaining of chitosan-coated
magnetic nanoparticles in this study arose from FTIR results
(Figure 4). This figure includes the IR spectra for all the
prepared nanoparticles (set 1). In accordance with Figure 4,
the characteristic absorption bands for chitosan appeared
at 3363 (O–H and N–H stretching vibrations), 2874 (C–H
stretching vibrations), 1653 (N–H bending vibrations), and
1070 cm−1 (C–O–C stretching vibrations) [27, 28]. The spectra of the products obtained using chitosan show the four
characteristic absorption bands for this polymer. Taken into
account that the products of the reactions were exhaustively
washed and magnetically recovered, it was concluded that all
the chitosan in the final products are chemically bound to the
magnetic nanoparticles. Results of FTIR demonstrated that
the precipitation reactions carried out with chitosan led to
obtain a composite chitosan-magnetic nanoparticles.

6

Journal of Nanomaterials
Table 3: Immobilization of chitosan on the nanoparticles obtained by coprecipitation method at 50◦ C.

Chitosan content
in reaction mixture
(w/v %)
0.125
0.250
0.500
a

Immobilized chitosan on the
nanoparticlesb
(mg/g)
135.85
148.5
584.79

Theoretical immobilized chitosan on the
nanoparticlesa
(mg/g)
60.67
121.58
243.00

Calculated from the recipe of precipitation reactions.
from TGA results.

b Estimated
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Figure 4: FTIR spectra of particles prepared by coprecipitation
method (at 50◦ C) with diﬀerent chitosan concentrations: (a) 0.125;
(b) 0.25; (c) 0.5 (w/v %); (d) pure chitosan FTIR spectra.

The results of characterization by TGA of the products
obtained in set 1 (Figure 5) were used for the estimation of
the amount of chitosan immobilized on the nanoparticles.
As it can be seen in this figure, the product prepared without chitosan, that is, the mixture magnetite-maghemite,
showed 2.16% in weight loss when it was heated from 30
to 800◦ C. Pan et al. [16] reported that a sample of Fe3 O4
lost 1.3 wt. % when it was heated from 30 to 300◦ C in
a TGA equipment under similar conditions to those used
in this study. As indicated by Pan et al. [16], this weight
loss can be ascribed to the removal of free and chemically
adsorbed water. On the other hand, a sample of pure
chitosan, whose thermogram was also included in Figure 5,
showed a weight loss of 69.4%. As it was expected, the
composites showed weight losses intermediate between those
of the mixture magnetite-maghemite and pure chitosan: 10,
11, and 27% for the products prepared with 0.125, 0.25,
and 0.5% (w/v), respectively. Using these results and the
weight of the samples before and after TGA characterization,
the quantities of chitosan immobilized on the nanoparticles
were estimated (Table 3). For comparison, the theoretical
values of immobilized chitosan calculated from the recipe
of precipitation reactions, assuming that the reactions proceeded to 100% and only magnetite was obtained, were also
included in Table 3. In accordance with the data in this table,
the amounts of chitosan immobilized on the nanoparticles
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Figure 5: Thermal degradation curves of particles prepared by
coprecipitation method (at 50◦ C) without chitosan and with
diﬀerent chitosan concentrations: (a) without chitosan; (b) 0.125;
(c) 0.25; (d) 0.5 (w/v %); (e) pure chitosan thermal degradation
curve.

estimated from TGA measurements were consistently higher
than the theoretical values. This diﬀerence can be explained
if the precipitation reactions do not proceed to 100%, which
would lead to increase the chitosan/nanoparticles ratio.
Having demonstrated the preparation of magnetic nanoparticles with average diameters around 10-11 nm covered
with chitosan in one step, the final test in this study was
to evaluate the eﬃcacy of the obtained composites in Pb+2
removal from a Pb(NO3 )2 aqueous solution. This test is
based on the ability of chitosan to chelate heavy metal
ions through its amino groups. For this, the composites
prepared with 0.125 and 0.5% (w/v) chitosan in set 1 were
evaluated. Figure 6 shows that the Pb+2 concentration drops
from its initial value (10 ppm) to around 6.2 in the first 10
minutes in the assay when the composite was prepared with
0.125% (w/v) chitosan. Then, it slowly decreases to attain
a final value of 4.6 ppm at the end of the test. In the assay
carried out with the composite prepared with 0.5% (w/v)
chitosan, values of 8.3 and 6.0 ppm were attained in the
first 10 minutes and at the end of the assay, respectively.
From here, a removal eﬃcacy of 53.6% for the chitosancoated magnetic nanoparticles prepared with 0.125% (w/v)
chitosan and of 39.8% for those prepared with 0.5% (w/v)
were calculated, which is surprising, because of a direct
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concentrations allowed to obtain chitosan-coated magnetic
nanoparticles with average diameter around 10-11 nm, as
demonstrated by X-ray diﬀraction, magnetic measurements,
STEM, and FTIR. The ratios chitosan/magnetic nanoparticles were estimated, from the results of TGA, between 135.9
and 584.8 mg/g. When evaluated for Pb+2 ions removal from
a Pb(NO3 )2 aqueous solution, chitosan-coated magnetic
nanoparticles showed up to 53.6% in removal eﬃcacy. This
value corresponds to the composites with the lower chitosan
content. It is believed that particle aggregation and, as
a consequence, a decrease in the total surface area was
favored when a higher chitosan content was used during the
magnetic nanoparticles precipitation.
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Figure 6: Pb+2 removal as a function of time using chitosan-coated
magnetic nanoparticles prepared with (•) 0.125 and () 0.5% (w/v)
chitosan.

relation between removal eﬃcacy and chitosan content in
the evaluated composites was expected. This indicates that
the nanoparticles prepared with the higher chitosan content
have a smaller total amount of amino groups on their surface,
which really means that they have less total surface area than
the nanoparticles prepared with 0.125% (w/v) chitosan. A
possible explanation for this behavior is that contents of
chitosan as higher as 0.5% (w/v), under the conditions
used in this study, favor the aggregation of chitosan-coated
nanoparticles. In turn, this would lead to an increase in the
final nanocomposite size and, as a consequence, to a decrease
in the total surface area.
Finally it should highlight the diﬀerence between the
productivity in this study and those in the other reports
on preparation of chitosan-coated magnetic nanoparticles in
one step [19, 20]. Calculations based on the formulations in
the reports of Hong and Rhee [19] and Wu et al. [20] indicate theoretical productivities of around 0.1 g of magnetic
nanoparticles per 100 g of reaction mixture. In contrast,
theoretical productivity in this study is around 1.7 g per 100 g
of reaction mixture. Furthermore, the weight ratio chitosan
in the formulation/theoretical magnetic nanoparticles is
close to 0.4 and 8.7 in the reports of Hong and Rhee
and Wu et al., respectively. These values are higher than
those calculated in this study, which range from 0.06 to
0.24, depending on the used formulation. The highlighted
diﬀerences indicate that the preparation of chitosan-coated
magnetic nanoparticles in one step is a method able to attain
relatively high productivities. Also, they suggest that an
optimal ratio chitosan/magnetic nanoparticles should exist,
which would lead to a minimization of particle aggregation.

4. Conclusions
A one-step method comprising the coprecipitation of magnetic nanoparticles in the presence of diﬀerent chitosan
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Doping of silicon quantum dots (Si QDs) is important for realizing the potential applications of Si QDs in the fields of Si QDsbased all-Si tandem solar cells, thin-film transistors, and optoelectronic devices. Based on the first-principle calculations, structural
and electronic properties of hydrogen terminated Si QDs doped with single Boron (B) or phosphorus (P) are investigated. It is
found out that the structural distortion induced by impurity doping is related to the impurity characteristic, impurity position,
and the QD size according to the structural analysis. The relative energetic stability of Si QDs with a single impurity in diﬀerent
locations has been discussed, too Furthermore, our calculations of the band structure and electronic densities of state (DOS)
associated with the considered Si QDs show that impurity doping will introduce impurity states within the energy gap, and spin
split occurs for some configurations. A detailed analysis of the influences of impurity position and QD size on the impurity levels
has been made, too.

1. Introduction
As we all know, the ultimate reduction in the dimensionality
of a semiconductor device will result in a quantum dot.
Much attention has been drawn to Si QDs, with promising
applications in fields such as optoelectronics [1], photovoltaics [2], and data storage [3]. In order to realize these
potential applications of Si QDs, it is essential to develop
techniques to control the electronic and optical properties
of Si QDs. One such technique currently being investigated
is impurity doping [4, 5]. Doping of Si QDs is expected
to introduce additional levels close to the HOMO (highest
occupied molecular orbital) or LUMO (lowest unoccupied
molecular orbital) in the same fashion as it does for bulk Si;
for instance, a nanoscaled P-N junction formed by doping
Si QDs embedded in a dielectric is proposed as a way to
dissociate photogenerated electron-hole pairs [6].
Lots of experimental works have been made to study the
electronic and optical properties of doped Si QDs. However,
several factors contribute to making these studies diﬃcult
tasks. For instance, QDs synthesized by using diﬀerent
techniques often show diﬀerent properties in size, shape,
and in the interface structure. Moreover, it is tremendously challenging to control over impurity concentration
and precise positioning by experiments. This leads to the

imperative need for theoretical calculations to predict the
properties of doped Si QDs. Compared with calculations
for pure, undoped systems, calculations for doped Si QDs
are much more complicated and time consuming owing
to the variety of atoms and low symmetry. To date, only
few first-principle studies devoted to doped Si QDs are
presented in the literature. Melnikov and Chelikowsky [7]
investigated the electronic properties of hydrogenated Si QDs
doped with a single phosphorus atom using a real-space ab
initio pseudopotential method, and the ionization energy
and binding energy of the defect were calculated. Cantele
et al. [8] reported on a detailed first-principle calculation of
the impurity states in B- and P-doped Si QDs; the formation
energies for neutral impurities were discussed. Although the
size eﬀect on the impurity levels were often studied in the
previous work, the influences of diﬀerent impurity positions
on the band structures and DOSs of doped Si QDs were not
very often examined.
In this paper, we carry out first-principle calculations of
impurity states in spherical Si QDs doped with single B or
P atom. Both the structural and electronic properties (band
structure and DOS) are investigated as functions of the QD
size and of the impurity position within the Si QD. Since
it has been demonstrated that the properties of doped Si
QDs critically depend on the location of the impurity atom
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[9, 10], the relative energetic stability of Si QDs with a single
impurity in all the possible locations has been discussed.
Owing to the highly demanding computational costs, we
limit our calculations to Si QDs with two diﬀerent sizes; one
is Si35 H36 -based QD (approximately 1.1 nm in diameter),
and the other is Si87 H76 -based QD (approximately 1.6 nm in
diameter). The B or P impurity is considered in substitution
site, which is the most stable site for these two impurities
[11].

2. Modeling and Calculation
Our first-principle calculations are performed by the
CASTEP software package [12] which employs the planewave
pseudopotentials method based on the density functional
theory (DFT). The generalized gradient approximation
(GGA) with ultrasoft pseudopotentials in reciprocal space is
adopted, and exchange-correlation potential is parametrized
by the Perdew-Burke-Ernzerhof scheme (PBE) [13]. Since for
a single B- or P-doping, the doped QDs have an odd number
of electrons, spin polarization is included in our calculations.
The cutoﬀ energy for the wave functions is 190 eV. It has been
shown that the results are well converged at this cutoﬀ energy.
The SCF tolerance is 2.0e−6 eV/atom, and the k-points for
the Brillouin-zone sampling are set as Gamma point only in
all cases.
As mentioned above, we consider Si QDs with two
diﬀerent sizes here; one is Si35 H36 -based QD (approximately
1.1 nm in diameter), and the other is Si87 H76 -based QD
(approximately 1.6 nm in diameter). Initial undoped dots
have been obtained by taking all the bulk Si atoms contained
within a sphere of a given radius and passivating the surface
dangling bonds with hydrogen. For doped dots, we use the
optimized undoped geometry as a base and substitute a Si
atom with an impurity atom. A simple-cubic supercell of
vacuum is built for each considered dot which is placed at the
center in order to prevent interactions between the periodic
replicas. In this work we choose 30 Å and 35 Å as the supercell
side lengths for Si35 H36 -based QDs and Si87 H76 -based QDs,
respectively.
Since the details of the QD surface are diﬀerent for
QDs synthesized by using diﬀerent techniques, here the
impurity atom is not allowed to replace an Si atom on
the surface of the QD that is passivated by one or two H
atoms. For the remaining sites, there are two diﬀerent sites
within the QD for a single substitution impurity in the case
of Si35 H36 , whereas in the case of Si87 H76 there are five.
These diﬀerent sites within the dots are shown in Figure 1.
All these geometries are examined for impurity doping to
investigate the eﬀects of the impurity position. Here we
assign Si34 XH36 -1, Si34 XH36 -2, and Si86 XH76 -1, Si86 XH76 -2,
Si86 XH76 -3, Si86 XH76 -4, Si86 XH76 -5 (X represents B or P)
corresponding to the doped Si QD whose impurity atom
situates in the site marked by 1, 2 in Figure 1(a), and 1, 2,
3, 4, 5 in Figure 1(b), respectively.
For each model, the first step is to relax the structure
with all the freedom. Once the optimization is achieved,
the related properties are calculated. However, even accurate

(a)

(b)

Figure 1: A schematic representation of diﬀerent sites within the
QDs for a single substitution impurity. H and Si atoms are denoted
by white and yellow balls, respectively. The sites shaded by a same
color within the QDs correspond to equivalent doping sites. (a)
Model of a 1.1 nm Si QD (Si35 H36 ); the two diﬀerent sites within the
QD are marked by 1 and 2; (b) model of a 1.6 nm Si QD (Si87 H76 );
the five diﬀerent sites within the QD are marked by 1, 2, 3, 4, and 5.

ab initio calculations performed within GGA will suﬀer from
the well-known underestimation of the energy gap. Here we
leave the underestimation of energy gap uncorrected and do
not discuss the absolute value of the energy gap but focus
on how the band structure and DOS are aﬀected by a single
impurity doping. Thus it can provide some guidance to
properly utilizing impurity doping to control the electronic
and optical properties of Si QDs.
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Figure 2: The optimized bond lengths around the impurity site for the undoped Si QDs (black ones, X = Si), B-doped Si QDs (red ones,
X = B), and P-doped Si QDs (green ones, X = P). The x-axis measures the distance from the center to the replaced Si atom in undoped QDs.
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3. Results and Discussion
3.1. Structural Properties. The structural changes induced by
the presence of a single impurity with respect to the corresponding undoped ones have been investigated. It is observed
that with the insertion of one impurity, some variations in
the bond lengths occur around the impurity site, whereas
the Si–Si bond lengths remain almost unchanged. Figure 2
shows the optimized bond lengths around the impurity site
for the doped and undoped Si QDs. Our results for the
bond lengths are in very good agreement with the results
reported by Iori et al. [14]. From Figure 2 it can be seen
that, compared with undoped cases in which the four Si–Si
bond lengths are practically the same, there is a general trend
to a significant decrease of the bond lengths for B-doped
Si QDs. However, for P-doped cases there exists expansion
of the bond lengths with respect to the undoped cases, and
the changes are less than B-doped cases. Moreover, for Pdoped cases the structural distortion is strongly dependent
on the QD size; the larger the size, the less the distortion,
while for B-doped cases the distortion is nearly independent
of the size. In addition, as is shown in Figure 2, the relaxation
around the impurity is also related to the impurity position.
By comparing the Si35 H36 -based cases and Si87 H76 -based
cases, we find out that with the decrease of the QD size
the impact of impurity position on the structure relaxation
becomes more significant.
From the discussion above, we know that the configurations for single doped Si QDs are diﬀerent from each other
due to diﬀerent impurity positions. So it is needed to explore

which configuration is the most stable one. The relative
energetic stability of these Si QDs can be evaluated through
the calculation of the formation energy (FE). Starting from
the Sin Hm nanocluster, the FE for the neutral X impurity can
be depicted in (1) [8]:
FE = E(Sin−1 XHm ) − E(Sin Hm ) + µSi − µX ,

(1)

where E is the total energy of the system, µSi is the total
energy per atom of bulk Si, and µX is the total energy per
atom of the impurity. From (1), we find out that the relative
value of the FE for doped Si QDs with all kinds of B (or
P) configurations does not depend on µSi and µB (or µP ). It
is proportional to the diﬀerence between E(Sin−1 XHm ) and
E(Sin Hm ). Thus, the relative stability may be determined by
simply comparing the diﬀerences of total energies between
doped QDs and corresponding undoped ones.
The calculated diﬀerences of total energies as functions
of the impurity position are shown in Figure 3. We observe
that the energies required for impurity X (X = B, P) doping
into Si QDs increase in the order Si34 XH36 -1 < Si34 XH36 -2
for Si35 H36 -based QDs. While in the case of Si87 H76 -based
QDs, for B-doping the order is Si86 BH76 -2 < Si86 BH76 -4 <
Si86 BH76 -5 < Si86 BH76 -1 < Si86 BH76 -3, and for P-doping the
order is Si86 PH76 -2 < Si86 PH76 -5 < Si86 PH76 -1 < Si86 PH76 4 < Si86 PH76 -3. This means that Si34 XH36 -1 (Si86 XH76 -2)
is energetically the most favorable configuration for either
B- or P-doping in Si35 H36 (Si87 H76 ) owing to the smallest
formation energy. So we find out that for either B- or Pdoping, the impurity atom tends to substitute Si atom near
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Figure 3: Diﬀerences of total energies between doped QDs with
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Si87 H76 -based QDs the order is Si86 XH76 -5, Si86 XH76 -4, Si86 XH76 3, Si86 XH76 -2, Si86 XH76 -1.

the surface. Moreover, it can be observed that the energy
required for impurity X (X = B, P) doping is smaller for
Si87 H76 than for Si35 H36 , demonstrating that with a decrease
of the QD size the insertion of a substitution impurity
becomes more diﬃcult. In addition, we find out that this
influence of size is much more evident for B-doping than
for P-doping (see Figure 3), meaning that it would be even
harder to conduct B-doping for Si QD with smaller size.
3.2. Electronic Properties. The calculated energy levels for
doped and undoped Si QDs are depicted in Figure 4. As can
be seen, the B-doping gives rise to impurity states located
above the valence band, whereas the P-doping gives rise to
impurity states located below the conduction band. These
impurity-related levels falling within the gap are strongly
focused either on B or P impurity atom, as one can see from
Figure 5 where the localization of these impurity states is
shown.
One can see from Figure 4 that owing to the impurity
doping, spin split occurs for some doped QD configurations.
It is obvious that the energy diﬀerences between spin-up
and spin-down levels in smaller doped Si QDs are more

pronounced than the ones in the bigger doped QDs case.
Besides, for QDs with the same size but diﬀerent impurity
positions, the situations of spin split are diﬀerent from each
other, particularly for Si87 H76 -based QDs in which split
disappears in several configurations. So spin split induced
by doping depends on not only the QD size but also
the impurity position. In addition, it is observed that the
impurity position also has an impact on the position of
impurity levels. For Si35 H36 -based QDs, as the impurity
moves from the QD subsurface toward the center, the
impurity states become deeper (shallower) for B-doping (Pdoping). However, in the case of Si87 H76 -based QDs, as the
impurity moves from the QD subsurface toward the center,
the impurity states become shallower (deeper) for B-doping
(P-doping). This indicates that the impurity position has
opposite eﬀects on the impurity levels for B-doping and for
P-doping, and the ultimate eﬀects also closely depend on the
QD size. Furthermore, we find out that although B (or P)
introduces shallow acceptor (or donor) states in bulk silicon,
either B- or P-doping introduces deep energy levels in the
energy gap of Si QD. By comparing the impurity levels of the
QDs with two diﬀerent sizes, it can be easily found out that
with a decrease of the QD size the acceptor (B-doping) and
donor (P-doping) levels become even deeper.
The electronic densities of states (DOSs) for the investigated Si QDs have also been calculated to get a better
understanding of the eﬀect of impurity doping on the
electronic properties of Si QDs. The DOSs shown in Figure 6
for the B- and P-doped Si QDs are compared with the
ones of corresponding undoped Si QDs. As can be seen, the
peaks in the DOSs for either B- or P-doped Si QDs show
a similar structure with that of the undoped cases out of
the energy range of the HOMO-LUMO gap. However, some
impurity-related peaks appear just above the HOMO of the
undoped QD for B-doped cases, while for P-doped cases the
peaks located just below the LUMO of the undoped QD.
In addition, it can be seen from Figure 6 that for Si35 H36 based QDs, as the impurity moves from the QD subsurface
toward the center, the impurity-related peaks move toward
the midgap region (LUMO) for B-doping (P-doping). While
for Si87 H76 -based QDs, as the impurity moves from the
QD subsurface toward the center, the impurity-related peaks
move toward the HOMO (midgap region) for B-doping (Pdoping). Moreover, it is obvious that with a decrease of the
QD size the impurity-related peaks are closer to the midgap
region. All these characteristics show a good agreement with
the ones of energy levels discussed before.

4. Conclusion
The structural and electronic properties of B- and P-doped Si
QDs are investigated by means of first-principle calculations.
All the possible locations for a single substitution impurity
inside Si QDs are considered. According to the structural
analysis, it is found out that for P-doped case the structural
distortion is less significant than that for B-doped case. The
distortion is strongly dependent on the QD size for P-doped
case; the larger the size, the less the distortion. While for
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B-doped case the distortion is nearly independent of the
size. The relaxation around the impurity is also related to
the impurity position, and the impact of impurity position
becomes more significant with a decrease of the QD size. The
most stable configuration is explored in all these single doped
configurations by the energy calculations. The results show
that for either B- or P-doping, the impurity atom tends to
substitute Si atom near the surface. Besides, we find out that
with a decrease of the QD size the insertion of a substitution
impurity becomes more diﬃcult, and this size eﬀect is much
more evident for B-doping than P-doping. In addition, our
calculations of the band structure and DOS associated with
the considered Si QDs show that the presence of P atom
(or B atom) introduces donor (or acceptor) states within
the energy gap, and spin split occurs for some doped QD
configurations. Moreover, the influence of impurity position
on the impurity levels has been discussed. It is indicated that
the impurity position has opposite eﬀects on the impurity
levels for B-doping and for P-doping. Furthermore, it is
demonstrated that either B- or P-doping introduces deep
energy levels in the energy gap of Si QDs, and with a
decrease of the QD size the acceptor (B-doping) and donor
(P-doping) levels become even deeper.
These insights gained in our study show the possibility
of an impurity-based engineering of the Si QD electronic
properties, which are of great help to the realization of related
Si QD-based potential applications.
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Nanoparticles have large surface area, and most of the ions are lying on its surface. Could these surface ions be contributed
in thermoluminescence emission or enhanced nonradiative transition? In view of this, we have prepared small sizes of ZnS
nanoparticles at low temperature and made two samples, one as-prepared (size ∼3 nm) and the other heat-treated at 1073 K (size
∼32 nm). Characterization of the samples shows that the prepared phosphors are pure. Thermoluminescence (TL) glow curves
could not be recorded in both samples without irradiation. Even for higher dose of γ-radiation the as-prepared samples could
not show TL signal, but 1073 K heat-treated sample shows the TL signal. This may be due to the fact that smaller particles have
large surface area compared to bigger particles, the surface ions may produce the nonradiative transitions. The kinetic parameters
of the TL glow curves are evaluated by the conventional methods and compared with curve fitting computerised glow curve
deconvolution (CGCD) technique. The variations in both techniques are found only ±0.02. The shape factor of all the glow curves
∼0.48, and these TL glow curves could be fitted with order of kinetics 1.5.

1. Introduction
The semiconductor nanoparticles in the groups II–VI have
been studied extensively due to their intriguing physical
properties compared to their bulk counterparts [1–10]. Optical properties of such materials can be tuned due to quantum size eﬀects which eﬀectively lead to a size-dependent
variation of band gap. Among the most studied II–VI
semiconductors are ZnO, CdS, ZnS, and so forth [11–15] for
their wide range of luminescence emissions from ultraviolet
to infrared regions. ZnS is a blue emitting direct band
gap semiconductor of energy gap 3.6 eV with low phonon
energy suitable in display devices and lighting applications.
Extensive studies on the luminescence emissions of ZnS
nanoparticles doped with transition metals or lanthanide
ions at diﬀerent sizes, pH, cappants, and so forth have been
carried out since the past decades [16–22]. There are few
reports on the study of thermoluminescence characteristics
of these materials in nanosize; in view of this, the present

paper is prepared to study their luminescence characteristics
at diﬀerent particle sizes.
Thermoluminescence (TL) continues to be an active area
of research because of its immense contribution in the fields
of personnel and environmental dosimetry, dating of archeological artifacts, sediments and study of defects in solids.
Irradiation on many insulating and semiconducting materials creates suﬃcient defects to act as trap centers for electron
and holes. Upon heating the materials containing large number of electrons and holes trapped in their respective trap
centers, these electrons and holes are released and recombine
with opposite charges resulting luminescence called TL (thermoluminescence). In the case of nanomaterials, the surfaceto-volume ratio is large resulting in larger concentrations
of surface states. The surface states are responsible for the
production of TL glow curves, that is why Chen et al. [23]
record TL glow curves in ZnS nanoparticle prior to irradiation. They also observed that the TL intensity increases with
the decrease of particle sizes and concluded that the surface

2

(111)

(220)
(311)
Intensity (a.u.)

ions on the nanoparticles were responsible for the production of TL glow curves. Crystalline sizes of the particles
take important role in producting luminescence emission of
the phosphors, many researchers are working in this regard
on diﬀerent phosphors [24–29]. Studying the luminescence
characteristics of phosphors on particle sizes will be beneficial in lighting applications.
The present work studies the photoluminescence and
thermoluminescence (TL) of as-prepared and 1073 K heattreated undoped (pure) ZnS nanoparticles. Kinetic parameters such as the activation energy (E), order of kinetics (b),
and frequency factor (s) of the glow peaks are determined
by initial rise [30], curve fitting [31] and compared with
computerised glow curve deconvolution method [32].
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2. Experimental Section
2.1. Preparation. Quantum sizes of undoped (pure) ZnS
nanoparticles were prepared by coprecipitation reaction at
low temperature. In order to get small sizes of the particles,
slow release of the reactants at controlled manner would be
needed [33, 34]. Ethylene glycol acts as the reaction medium
as well as the capping ligand. The precursors used for the
production of Zn2+ was Zn(CH3 COO)2 ·2H2 O (99.05%, EMerck), and thiourea (AR) for the production of S2− · 1 gm
of Zn(CH3 COO)2 ·2H2 O was dissolved in 25 mL ethylene
glycol; warming the solution, a clear solution could be
observed. This solution contained Zn2+ ions. In this solution,
2.0 g of thiourea (AR) was simply added and warmed the
mixture at 353 K, the solution again became transparent.
The reaction medium was kept in nitrogen atmosphere, in
order to avoid oxidation during reaction. The whole mixture
was heated linearly up to 403 K. After half an hour, light
yellowish-white colloidal precipitate could be observed, the
reaction temperature maintained at this temperature and
continues another two hours. The precipitates so obtained
are extracted by centrifugation and washed several times in
excess methanol (AR). Special care has been taken to avoid
oxidation, the powder samples so obtained were dried at
room temperature.
2.2. Characterization. X-ray diﬀraction studies were carried
out using a Philips powder X-ray diﬀractometer (model
PW 1071) with Ni-filtered Cu-kα radiation. The lattice
parameters were calculated from the least square fitting of the
diﬀraction peaks. The average crystallite sizes were calculated
from the diﬀraction line-width based on Scherrer relation:
d = 0.9λ/β cos θ, where λ is the wavelength of X-rays, and
β is the half maximum line width. To record UV-visible
spectra, EDX and AFM, the powder samples were dispersed
in dimethyl formide (DMF), then multiple dipping were
carried out on ultrasonically cleaned glass slides.
Photoluminescence measurements were carried out at
room temperature with a resolution of 3 nm, using a
Hitachi Instrument (F-4500) having a 150 W Xe lamp as the
excitation source. Powder samples (5 mg) were mixed with
methanol, spread over a quartz plate, dried at 373 K, and
mounted inside the sample chamber for photoluminescence
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Figure 1: XRD pattern of (a) as-prepared and (b) 1073 K heattreated ZnS nanoparticles.

measurements. Thermoluminescence glow curves of the
powder samples were recorded using TLD-1404 recorder.

3. Results and Discussion
3.1. X-Ray Diﬀraction (XRD) Study. Figure 1 shows the Xray diﬀraction patterns of (a) as-prepared and (b) 1073 K
heat-treated ZnS nanoparticles and corresponds to cubic
phase (JCPDS-77-2100) of space group F43m. No extra
peaks of impurity could be detected even for higher heattreated sample within the resolution of limit diﬀractometer.
The lattice parameter of the as-prepared ZnS nanoparticle
is a = 5.359(1) Å with unit cell volume 153.948(1) Å3 and
that of 1073 K heat-treated ZnS nanoparticle is a = 5.369(1)
Å with unit cell volume V = 154.825(1) Å3 . The unit cell
volume of heat-treated ZnS gives higher value compared to
as-prepared ZnS nanoparticle. The increase of the unit cell
volume with the increase of heat-treatment temperature may
be due to the decrease in ionicity. The particle sizes calculated
from Scherrer relation are found to be 3 and 32 nm, respectively for as-prepared and 1073 K heat-treatment samples,
respectively. The intensity of the diﬀraction peaks increases
with the increase of the heat-treatment temperature showing
an increase in the crystallinity of the samples with heattreatment.
3.2. EDX (Energy Dispersive X-ray) and AFM (Atomic Force
Microscopy) Study. Figure 2 shows the EDX of as-prepared
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Figure 2: EDX spectra of as-prepared ZnS nanoparticles.

ZnS nanoparticles. As-prepared sample gives the atomic
%Zn = 54 and S = 46, while the heat-treated sample gives
atomic %Zn = 51 and S = 49. Figure 3 shows the 2-dimensional AFM picture of (a) as-prepared and (b) 1073 K heattreated ZnS nanoparticles. The particles sizes determined by
AFM are 12 and 87 nm, respectively for the as-prepared and
heat-treated ZnS nanocrystals. The particles in as-prepared
samples are spherical in shape and agglomerated. Figure 3(c)
is the log-normal distribution of as-prepared sample showing the particle size of this sample is 13 nm. In the 1073 K
heat-treated samples, the particles are spherical in shape and
homogenous. It is obvious that the ethylene glycol can significantly resist agglomeration of nanoparticles.

When the retrapping probability is the same as recombination probability then the expression for TL intensity of the
second-order kinetics is given by [30]:
I(T) = 

n20 s exp(−E/kT)





I(T) = N f b s exp −

E
kT

(2)





4.1. TL Theory. Thermoluminescence is the thermally stimulated emission of light from insulators or semiconductors
following previous absorption of energy from radiation. The
electrons in the valance band gain energy due to exposure
in radiation may come either to the conduction band or
trapped in a metastable state as trapped electrons causing
defect states in the material. On heating the phosphor, the
trapped electrons in the metastable gain in energy then are
released from the trapped level, if these electrons return to
ground state with radiative recombination with the holes
near the ground state, there is observation of thermoluminescence. When the recombination probability dominates
the retrapping probability or retrapping probability is zero,
Randall and Wilkins [35] had reported an expression for TL
intensity of the first-order kinetics (b = 1) at a temperature
T as

2,

exp(−E/kT  ) dT 

where s = n0 s .
For the non-first-order kinetics (b =
/ 1), Gartia et al. [36]
and Rasheedy [37] reported an expression for TL intensity as

× 1 + (b − 1) f b−1

4. Luminescence Study

T
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where N is the electron traps and filling factor f = n0 /N.
The condition for maximum intensity for the glow curve
obeying (3) is given by

=

 Tm
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The shape factor μg , of the glow curve can also be determined
from the relation [32]:
μg =

(T2 − Tm )
δ
,
=
(T2 − T1 )
ω

(5)








E
s T
E

exp −
exp −  dT , (1)
I(T) = n0 s exp −

where Tm is the peak temperature of the glow curve, and T1 ,
and T2 are the temperatures at half of the maximum intensity
on the rising and falling sides of the glow curves.

where n0 is the initial concentration of trap electrons, s the
frequency factor, E the activation energy, k the Boltzmann
constant, and β the linear heating rate.

4.2. Photoluminescence and Thermoluminescence Study.
Figure 4 shows the photoluminescence emissions of as-prepared and 1073 K heat-treated ZnS nanoparticles excited at

kT

β
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kT
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Figure 3: AFM picture of (a) as-prepared, (b) 1073 K heat-treated ZnS nanoparticles, and (c) log-normal distribution of the as-prepared
nanoparticles showing that most of the particles are 13 nm in size.

290 nm. Strong blue emissions are observed, these emissions
are the due to native intrinsic defects such as vacancies and
interstitial form energy levels in ZnS, such as donor levels of
VS and Zni and acceptor level of Vzn . The emission intensity
increases with the increase of heat-treatment temperature,
this observation may be due to increase in crystallinity of the
particles which in turn reduces the iconicity and the surface
eﬀects of the nanoparticles.
Thermoluminescence (TL) glow curves were recorded
for both as-prepared and heat-treated ZnS nanoparticles
without irradiation, but no TL signal could be recorded. Both
the as-prepared and heat-treated samples were irradiated
with diﬀerent doses of γ radiation, but as-prepared sample
does not show TL signals even for higher dose of γ radiation.
The 1073 K heat-treated ZnS nanoparticles were irradiated
with 126 and 252 Gy of γ-rays, and TL glow curves could
be recorded. Chen et al. [23] could get TL glow curves of

ZnS nanoparticles without irradiation. They observed that
the TL intensity increases with the reduction of particle
sizes. Their observations had open vehement argument for
further understandings on the luminescence characteristics
of small particles. They suggested that the surface ions
on the nanoparticles took a vital role in the production
of TL signals. But our observations are contrary to their
findings. It is expected that that the surface ions on the
surface of nanoparticles enhance the nonradiative transition
that is why TL signal cannot be detected for as-prepared
samples. It is well accepted that small particles have large
surface area, and most of the ions lie on its surface. To
confirm these observations, the as-prepared nanoparticles
are heat-treated at 1073 K for one hour to get bigger particle
sizes. Bigger nanoparticles have less number of surface ions
and the non-radiative transition due to phonon-phonon
interactions could be reduced extensively. Even this sample
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Table 1: Peak parameters of the TL glow curves irradiated with 126 and 252 Gy of γ-rays.
Tm (K)
374.0
390.0

Dose
126
252

Im
66.3
112.9

τ
43.5
43.5

δ = T2 − Tm
50.5
39.5

ω = T2 − T1
101.0
83.0

μg = δ/ω
0.50
0.48

40
120

TL intensity (a.u.)

PL intensity (a.u.)
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Figure 4: Photoluminescence emission spectra of as-prepared and
1073 K heat-treatment ZnS nanoparticles showing the native blue
emission.

Figure 5: TL glow curves of nanoparticle ZnS irradiated with (a)
126 Gy and (b) 252 Gy of γ-rays with a linear heating rate β =
1.73◦ C/s.

the TL signal could not be recorded prior to irradiation. Then
the samples are again irradiated with γ radiations, and TL
signal could be recorded for diﬀerent doses of radiations.
With irradiation diﬀerent trap centers could be developed,
even though there are surface ions on the nanoparticles.
The radiative transitions due to trap levels dominates over
the non-radiative transitions due to surface ions. That is
why, TL signals could be recorded in heat-treated and
irradiated samples. The above observations revealed that the
surface ions on the surface of the nanoparticles could not
contribute to the luminescence emissions, but only the trap
centers could give luminescence emissions. Figure 5 shows
the TL glow curves of 1073 K heat-treated ZnS nanoparticle
irradiated with 126 and 252 Gy of γ-rays with a linear heating
rate of 1.73 K/s, and the peak temperatures of the glow curves
are around 374 and 390 K, respectively. The TL intensity of
the glow curves varies with the diﬀerent doses of γ-rays.
The sample irradiated with higher dose of γ-ray has more
intense in TL signal than the sample irradiated with lower
γ dose. The full widths (ω) of the glow curves are found to
be 83 K and 101 K, which are exceptionally large. In general,
such a broad peak must contain at least two or more TL
peaks. The shape factor μg is found to be 0.48, which are the
characteristics of the non-first-order kinetics model [30, 31].
Table 1 indicates the characteristic peak parameters of the
recorded glow curves of Figure 7.

Figure 6 shows the TL glow curves of 1073 K heattreated ZnS nanoparticles irradiated with 126 Gy and 252 Gy
of γ-rays after thermal cleaning up to 393 K. The peak
temperatures of the glow curves (126 Gy and 252 Gy) are
observed around 419 K, and the full widths at half maximum
(ω) of the glow curves become 41 and 47 K, respectively.
The shape factors of the glow curves are still at 0.48. The
252 Gy irradiated sample has been thermally cleaned to
diﬀerent temperatures 373, 393, 413, and 443 K, and then
the glow curves are recorded. The peak temperatures of the
recorded glow curves are 409.15, 415.82, 423.38, and 434.2 K,
respectively as shown in Figure 7. The full width (ω) becomes
narrower as compared to the glow curves before thermal
cleaning. The value of the shape factor of the glow curves
is at ∼0.48, which is the characteristic of the non-first-order
kinetics. Physically, it signifies that during heating parts of
the electrons released from the traps are recombining with
the holes in the hole centers resulting TL, and the remaining
part of electrons are retrapped back to the electron traps. If
significant numbers of electrons are retrapped back to the
earlier electron trap centres such that retrapping probability
is equal to recombination probability, the shape factor should
be nearly 0.52. Table 2 describes the peak parameters of the
glow curves, which are thermally cleaned at temperatures
373, 393, 413, and 443 K. It is clearly observed that all the
peaks are non-first-order kinetics.
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Table 2: Peak parameters of γ-irradiated TL glow curves of 1073 K heat-treatment ZnS nanoparticles recorded with diﬀerent thermal
cleaning (Tc).
Tc (K)
373
393
413
443

Tm (K)
409.15
415.82
423.38
434.20

Im
99.2
89.6
63
16.6

τ
38.4
36.1
31.4
16.1

δ = T2 − Tm
30.0
29.1
24.6
22.35

ω = T2 − T1
64.8
60.8
51.4
44.7

μg = δ/ω
0.47
0.48
0.48
0.50

Table 3: Comparison of activation energies calculated from CGCD and peak shape method of the γ-irradiated ZnS nanoparticles.
Dose (Gy)
126
252

Tm (K)
396.92
427.16
391.25
421.5

Ec (eV)
0.67
0.95
0.70
1.00

Eδ
0.634
0.891
0.732
0.992

s (sec−1 )
5.9 × 107
2.3 × 1010
1.5 × 107
2.0 × 1010

b
1.5
1.5
1.5
1.5

FOM
0.0869

100
100
80
TL intensity (a.u.)

TL intensity (a.u.)
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Figure 6: TL glow curves of nanoparticle ZnS irradiated with (a)
126 Gy and (b) 252 Gy of γ-rays recorded after thermal cleaning up
to 393 K (β = 1.73◦ C/s).

To determine kinetic parameters such as activation
energy (E), order of kinetics (b), and frequency factor (s) of
the observed TL glow curves, we have used the conventional
methods such as initial rise (IR) [30], peak shape method
[31], and CGCD technique [32, 36, 38]. A series of initial
rise (IR) thermoluminescence curves are recorded for the
sample irradiated with 252 Gy of γ-ray by keeping the voltage
across the photomultiplier tube to a high value such that
TL intensity becomes large. The magnitude of the slope of
In (I) versus 1/T gives E/k, and consequently E (activation
energy) can be evaluated. The mean value of activation
energy by using IR method is 0.78 eV. It is to be noted that
the IR method to determine E is independent of the order of
kinetics. Again the activation energy is evaluated using the
peak shape formula of Gartia et al. [39]. The comparison
between trapping parameters of ZnS nanoparticles evaluated
by peak shape method and CGCD is shown in Table 3.

Tc (K) =
373
393

350

400
T (K)

450

500

413
443

Figure 7: TL glow curves of ZnS irradiated with 252 Gy of γ-ray
recorded after thermal cleaning at (a) 373 K, (b) 393 K, (c) 413 K,
and (d) 443 K with linear heating rate 1.73◦ C/s.

Figure 8 shows curve fitting of the glow curve of ZnS
irradiated with 126 Gy of γ-rays after thermally cleaned up to
393 K. It can be fitted with two peaks with peak temperatures
396.92 and 427.16 K. The thermal activation energies of the
deconvoluted curves are 0.7 and 1.0 eV, and frequency factors
of the deconvoluted curves are 5.9 × 107 and 2.3 × 1010 s−1 .
Both the deconvoluted peaks are non-first-order of kinetics
b = 1.5. Similar pattern can be observed for higher Tc
samples. Similar patterns are also observed for 252 Gy γ-ray
irradiated sample. The deconvoluted glow curves have peak
temperatures at 391.25 and 421.5 K, with order of kinetics
b = 1.5. Table 3 indicates the activation energies calculated
from CGCD and shape factor technique of ZnS nanoparticle
irradiated with 126 and 252 Gy of γ-rays. The activation
energy (Ec) determined from CGCD and shape factor (Eδ )
is almost consistent, the diﬀerence is ±0.02.
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Figure 8: Computerised glow curve deconvolution of ZnS nanoparticles irradiated with 252 Gy of γ after thermal cleaning of 393 K
with linear heating rate of 1.73◦ C/s, (ooo) Expt. Glow curve (—)
sum of deconvoluted curves and (· · · ) deconvoluted curves.

5. Conclusion
Small sizes of ZnS nanoparticles could be prepared successfully at low temperature, it is evident that ethylene glycol
can significantly resist agglomeration of the nanoparticles
even heated at higher temperatures. As-prepared and 1073 K
heat-treatment samples could not show TL signal without
irradiation, reduction of surface ions on the nanoparticles
might be responsible for the production of TL signals. The
order of kinetics as evaluated by shape factor (non-first-order
of kinetics) has the same pattern as evaluated by curve fitting
technique. Peak shape method could be suitable to determine
activation energy of the glow curves. Order of kinetics of the
glow curves has the same value on order of kinetics b = 1.5
even for diﬀerent doses of irradiation. The calculated value of
activation energy using peak shape formula is in agreement
with that of fitted value.
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High surface area, active catalysts containing dispersed catalytic platinum nanoparticles (d p ∼ 11.6 nm) on a cordierite substrate
were fabricated and characterized using TEM, XRD, and SEM. The catalyst activity was evaluated for methanol oxidation.
Experimental results were obtained in a miniature-scale continuous flow reactor. Subsequent studies on the eﬀect of catalyst
loading and reactor flow parameters are reported. Repeat tests were performed to assess the stability of the catalyst and the extent
of deactivation, if any, that occurred due to restructuring and sintering of the particles. SEM characterization studies performed on
the postreaction catalysts following repeat tests at reasonably high operating temperatures (∼500◦ C corresponding to ∼0.3Tm for
bulk platinum) showed evidence of sintering, yet the associated loss of surface area had minimal eﬀect on the overall catalyst
activity, as determined from bulk temperature measurements. The potential application of this work for improving catalytic
devices including microscale reactors is also briefly discussed.

1. Introduction
Catalytic nanoparticles oﬀer a substantial increase in surface
area to volume ratio relative to their bulk counterparts and
are important in a variety of energy-related applications and
chemical processes. Platinum nanoparticles, for example, are
embedded in the membranes of proton exchange membrane
(PEM) fuel cells [1–3] and used in other systems including
micropower generation [4, 5], automotive exhaust cleanup
[6], and oxidation of volatile organic compounds (VOCs)
[7]. Platinum nanoparticles are also being explored for use
as radiosensitizers and new medical applications including
targeted cancer treatments [8]. Regarding the use of nanosized catalysts, their high surface energy is responsible for
their high catalyst activity [9–12]. Increased catalyst activity
oﬀers the potential to reduce the amount of catalyst needed
and reduce the operating temperature of the catalyst. In turn,
knowing that the sintering temperature of nanoparticles is
size dependent, sintering may be less of an issue for catalysts
that operate at low temperature, yet special consideration
must be given before such a conclusion can be drawn.

Typically, the sintering temperature is 0.2–0.3 of the melting
temperature Tm for nanoparticles and 0.5–0.6Tm for larger
size particles [10, 13].
In this study, platinum nanoparticles are synthesized,
dispersed on a cordierite substrate, tested in a continuous
flow reactor, and characterized before and after use in the
reactor. The results obtained in this fundamental study will
also potentially be used to enhance the performance and sustain chemical reaction in a microscale combustor. In the past
10 years, much research has been performed on microscale
combustion aimed at developing a small-scale generator that
can replace batteries and rapidly be recharged by simply
adding fuel [4, 4–17]. Since hydrocarbon fuels have an energy
density of ∼40 MJ/kg, a device having an overall systemlevel eﬃciency (chemical-to-electrical energy) in excess of
1% would have a comparable energy density to the stateof-the-art Li-ion batteries (∼0.5 MJ/kg) [18, 19]. Sustaining
combustion, however, in small-scale channels necessitates
the use of catalysts or advanced heat recirculating strategies,
otherwise conduction heat loss owed to the high surface area
of the device exceeds the heat generation rate (∼volume of
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the device), and self-sustained operation cannot be achieved
[20–23]. In this application, it is envisioned that nanosized platinum catalysts can be used to sustain combustion
at low operating temperatures, alleviating concerns with
quenching.
Platinum nanoparticles have been previously demonstrated to self-ignite small alcohols, notably methanol-air,
at room temperature and their reactivity is particle size
dependent [24]. Nominal particle sizes, as large as 500 nm,
have been tested with methanol-air premixtures and nearly
complete oxidation was achieved without the need to preheat
the catalyst [24, 25]. Additionally, size-dependent catalyst
activity was also established, with increased activity observed
for smaller nanoparticles [2, 25]. Beck and coworkers [11]
have further shown that peak catalytic activity exists for 2 nm
Pt nanoparticles during methane oxidation, explained by the
competing eﬀect of oxidized and metallic platinum species
on catalyst activity [11]. Coalescence or sintering, however,
becomes major concerns using nanoparticles since they are
exposed to relatively high temperatures [10, 26, 27]. To
improve stability and hinder degradation of catalyst, several
strategies are pursued including alloying and composite
structures for improved sintering resistance [27–29]. While
such modified Pt catalysts show appreciable success, pure
platinum nanoparticles remain attractive due to their high
catalytic activity. Pt nanoparticles therefore warrant further
investigation.
Several studies have reported synthesis techniques for Pt
and other metal nanoparticles, yet systematic studies aimed
at evaluating their initial and long-term catalyst activity in
real-world systems are limited. This study therefore focussed
on repeated catalytic cycling from room temperature ignition
to stable catalysis temperatures and its influence on the Pt
catalyst nanoparticles. The outcomes are directly applicable
to development of devices that integrate microscale combustion as an energy source.

2. Experimental
2.1. Material Synthesis. Platinum nanoparticles were synthesized via a colloidal synthesis technique described by Bonet,
et al. [30]. Briefly, 45 mL of ethylene glycol (EG, 99.8%
purity, Sigma Aldrich) was heated up to 150◦ C in a reflux
reactor. Hexachloroplatinic acid (500 mg) (H2 PtCl6 , ACS
reagent grade, Sigma Aldrich) was first dissolved in 5 mL of
EG, at which time, the solution was then combined with the
remaining heated EG. Then, 100 mg of polyvinylpyrrolidone
(PVP, M.W. 29,000, Sigma Aldrich) was dissolved in 25 mL of
EG and added to the heated solution with the aid of a syringe
pump at a rate of 1.5 mL/min. The solution was maintained
at 150◦ C for a period of one hour.
To clean the Pt nanoparticles in solution, a centrifuge
tube containing 25 mL of methanol (99.8%, Sigma Aldrich)
was added to 5 mL of the EG-PVP-Pt nanoparticle solution.
The solution was agitated by hand for one minute and then
centrifuged for 2 min at 3,000 rpm. After pouring oﬀ the
supernatant, 25 mL of distilled water was substituted. The
precipitate was agitated mechanically until a suspension of Pt
nanoparticles was achieved. The resulting solution was then

Journal of Nanomaterials
centrifuged for another 2 min at 3,000 rpm. The supernatant
was again discarded and replaced with 5 mL of distilled water.
The precipitate was agitated mechanically and sonicated for
one minute.
2.2. Substrate Preparation. The substrate for the nanoparticles was an extruded cordierite monolith (900 cells per square
inch, Corning Inc.). The monolith had square channels with
a width of 0.85 mm and wall thickness of 0.05 mm. The
overall dimensions of the monoliths were 19 mm in length
and the cross section contained 14 cells; the cross-sectional
shape was octagonal and the maximum dimension across the
crosssection was 13.5 mm.
The Pt nanoparticles, synthesized and suspended in
solution, were deposited on the substrates using a drawcoat method. In particular, the Pt colloidal suspension was
drawn through the open cells of the substrate, which was
vertically mounted, using a 10 mL syringe connected directly
to the substrate using a flexible clay coupling. The substrates
were subsequently placed horizontally (with respect to the
channel length) in an open petridish and dried at ambient
conditions. Using this technique, a single dispersion of Pt
nanoparticles was deposited on the bottom wall (base) of
the channel. To coat adjacent walls, the substrate was rotated
90◦ , 180◦ , and 270◦ and a second, third, and forth application
of the Pt solution was applied, each done in succession and
allowed to dry prior to application of each sequential coat.
Molar conversion calculations indicated that approximately
10 mg of Pt particles were deposited per deposition step.
Consequently, mass loading studies described later refer
to the number of coatings during this step of substrate
preparation.
2.3. Catalysis Experiments. The catalysts were tested in
a continuous flow reactor fabricated with an aluminum
housing as schematically shown in Figure 1. The reactor was
55.4 mm long and 20.3 mm in external diameter. Quartz
wool was used as a filler in the gap between the reactor
and the substrate so not to allow the gases to take a lower
pressure drop bypass and flow through the honeycomb
catalyst. The reactor inlet was designed to enable diﬀerent
catalyst materials to easily be inserted and removed. The
inlet to the portion of the reactor containing the catalyst was
14.3 mm (KF-16 flange), which was tapered to a 1/4-20 NPT
fitting though which the reactants were introduced.
The experiments were conducted by bubbling compressed air (99.9% purity, Air Gas) through a methanol
reservoir (99.8% purity, Sigma Aldrich) at a metered flow
rate of 200–1100 mL/min using a 30 mL glass bubbler. Calculated velocities through the substrate channels ranged from
2.3 cm/s to 12.8 cm/s. The methanol saturated air flowed
through the Pt-coated substrate channels and the products
exited from the reactor. A coated 0.5 mm diameter Ktype thermocouple (KMTXL-020G, Omega) was cemented
7.6 mm from the exit of the center channel using high
temperature cement (Omega) to monitor the bulk temperature of the catalyst substrate at the center. Temperature
measurements were acquired at 10 Hz using a LabView
DAQ system. External reactor temperatures were obtained
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Figure 1: The experimental setup for Pt nanoparticle catalysis of
methanol-air mixture. The inset provides details of the reactor and
the catalyst substrate with an embedded sealed thermocouple.

by placing a thermocouple on the surface of the aluminum
reactor.
2.4. Material Characterization. The nanoparticles were analyzed using an X-ray diﬀractometer (XRD, PANalytical
9430), a transmission electron microscope (TEM, Hitachi
H-600ABi), and a scanning electron microscope (SEM,
Zeiss Supra 50VP). XRD reflection scans were obtained by
dispersing Pt nanoparticles on a glass slide and analyzed
at a scan rate of 2◦ /min using continuous scan mode
and a CuKα source (λ = 1.5405 Å). Scherrer analysis was
used to obtained average crystallite size. TEM samples were
prepared by placing a drop-coat of the as-synthesized Pt
colloidal solution on a 3 mm carbon-coated copper grid. A
semiautomated program described elsewhere [31] was used
to analyze particle size distributions. The deposited catalysts
were analyzed on an SEM by removing fragments of pre- and
post-catalysis substrate channel walls and placing them on a
piece of carbon tape for imaging.

3. Results and Discussion
The measured temperature of the reactant gases at the inlet
was 22◦ C. Based on methanol vapor pressure at the measured
temperature, the saturated methanol-air mixture yields an
eﬀective equivalence ratio φ of 1.18. However, previous work
by Ma and coworkers [25] with identical methanol delivery
system indicates that the equivalence ratio is a weak function
of the air inlet velocity. Considering the flow rates used for
this study, a slightly fuel lean mixture (φ = 0.9–0.95) of
methanol-air was being introduced to the catalyst substrate.
Figure 2 displays the temperature history for a typical
catalysis run lasting three hours. It should be noted that the
temperature here indicates the bulk substrate temperature
and not the Pt catalyst temperature; it is possible to have
higher localized temperatures on the nanoparticles. The
results presented in Figure 2 were generated using a substrate
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Figure 2: Temperature versus time graph of a substrate with
four coatings of Pt nanoparticles demonstrating room temperature
ignition and highly repeatable catalytic cycling. A constant flow rate
of 600 mL/min was maintained.

with four Pt-coated sides and a nominal flow rate of
600 mL/min. The introduction of methanol-saturated air
into the reactor produces a simultaneous rise in substrate
temperature that peaks at 700◦ C. Figure 2, therefore, demonstrates room temperature ignition of methanol-air mixture
due to the presence of Pt nanoparticles. When the flow of
methanol-air mixture was halted, the substrate temperature
approached room temperature within 30 minutes. After
a total of an hour, a second catalysis cycle began. The
temperature at the exterior of the reactor was approximately
200–300◦ C lower than the substrate temperature suggesting
notable heat loss to the ambient air through the reactor
walls. The subsequent cycles in Figure 2 represent repeatable
catalysis runs highlighting the self-ignition and nominally
stable peak temperatures using Pt nanoparticles.
Identical results were obtained for all samples prepared
using the same synthesis procedure; that is, the results
presented in Figure 2 were reproducible with respect to
ignition and stable high temperatures. It should be noted that
even though the catalysis temperatures demonstrate a slight
downward drift in temperatures, the overall behavior was
repeatable. The catalysis cycling on a single catalysis sample
was repeatable for over 30 cycles (with each cycle lasting 1 hr)
without any sign of catalyst degradation. To explore the drift
in stable temperature a prolonged single cycle experiment
was conducted for six hours. Figure 3 shows how a stable
temperature of around 450◦ C is obtained beyond the initial
peak in exothermicity. The stable temperature is maintained
for over three hours before instabilities in temperature
are observed. The substrate selected for the stability study
had two opposite sides of the channel coated with Pt
nanoparticles. It is assumed that the prolonged exposure to
the high temperature eventually yields microstructural and
hence surface area changes that in turn influence the catalytic
stable temperatures. The extended stability tests beyond the
test presented were limited by the bubbler capacity. The
catalyst substrates involved in the standard cycling tests were
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Figure 3: Temperature history of a substrate with two opposite
channel walls coated with Pt nanoparticles experiencing catalysis
reaction over prolonged period of time. A constant flow rate of
400 mL/min was maintained.

observed to be reusable as long as the period between two
experimental runs did not exceed 48 hours. It is assumed that
the catalyst material experiences poisoning or degradation
when exposed to ambient air for prolonged period of time,
as suggested by other researchers [24, 27, 32].
Extensive work has been performed in the field of
nanoparticle catalysis on preventing degradation of these
nanometer sized particles when exposed to relatively high
temperatures. The degradation occurs due to the high
temperature sintering or coalescence of metallic particles
in the nanometer size range [9–11, 25, 27]. To counter
this eﬀect of high temperatures, researchers have explored
supported Pt nanoparticles to prevent significant coalescence
and therefore improve stability with some notable success
[28, 29]. On the other hand, the highly repeatable nature of
Pt nanoparticle catalysis behavior observed for the current
study has been rarely reported. Material characterization was
performed to assess the state of the catalyst materials before
and after the catalysis runs.
3.1. Catalyst Material Characterization. The synthesized Pt
nanoparticles when analyzed for crystallite sizes using XRD
yielded an average of dXRD = 8.9 nm. The same particles
when observed under a TEM showed discrete unsintered
spherical nanoparticles as depicted in Figure 4(a). It should
be noted that the agglomerated nature of the particles seen
in the TEM was potentially a result of the grid sample
preparation which was analogous to the catalyst substrate
preparation method. In other words, the agglomerated
nature of the particles in the TEM images can be used as
a representative sample of how the particles would look on
the cordierite substrate. TEM image analysis of the nearly
200 particles produced an average particle size d p of 11.6 nm.
Figure 4(c) provides the output of the semiautomated image
analysis showing a Pt nanoparticle distribution ranging from
7 to 20 nm. Both dXRD and d p were in good agreement
considering the biases involved with the two approaches.

The as-deposited nanoparticle coatings were investigated
using SEM imaging. Figures 5(a) and 5(b) display precatalysis SEM images of the substrate wall fragment. Due to the
limited resolving power oﬀered by the SEM, it is diﬃcult to
distinguish individual Pt nanoparticles near the 10 nm size
range; however it is clear from the images that significant catalyst coverage was achieved. Porous Pt-aggregated films were
observed on the cordierite substrate represented by micron
sized smooth structures in the background. The aggregated
films observed using SEM were similar in structure to the
particles observed using the TEM in Figure 4(a). The films of
particles were identified as elemental platinum using XEDS
mapping.
In order to investigate the eﬀect of catalysis and the
resulting high combustion temperatures on Pt nanoparticles,
fragments of a postcatalysis substrate sample were analyzed
using the SEM. Figure 5(c) shows SEM images of a substrate
coated on four sides that experienced a peak temperature of
500◦ C for two cycles. As observed from the sample images,
the overall structure of Pt films seen in the precatalysis
images is still present, however the structure is noticeably less
porous and coalesced in nature. The same Pt nanoparticles
that subsequently experienced 1120◦ C peak temperature
yielded significantly coalesced spherical particles shown in
Figure 5(d). XEDS analysis confirmed the bright spherical
particles as the Pt nanoparticles in Figure 5(d). Image
analysis of over 500 of the fully coalesced particles yielded
an average particle size of 88 nm. Assuming the clusters of
adjoined nanoparticles coalesced to yield the larger particles,
estimated 600 particles constituted the porous films observed
in Figures 5(a)–5(c).
Based on the catalyst structural observations, there is
discernible catalyst degradation with respect to coalescence
and thus the loss of surface area as a function of stable catalysis temperatures. However, from the catalysis temperature
studies (Figure 2) which depict repeatable catalytic cycling of
the material, the eﬀect of coalescence is minimal when lowto-moderate operating temperatures (less than 1000◦ C) are
maintained. In other words, the loss in Pt porosity and specific surface area, such as seen in Figure 5(c), demonstrated
only minor influence on the reactivity of the catalyst for the
conditions and materials tested. Catalyst stability similar to
that observed here has been demonstrated before by Karim
and coworkers [15] with Pt nanoparticles deposited on
anodized alumina substrate. However, the higher operating
stable temperatures with the repeatable cycling studies make
these results unique and warrant further investigation of
operational regimes for this system as required for potential
applications in a portable power production device.
3.2. Flow Rate Dependence. To investigate the behavior of the
catalyst substrate as a function of methanol-air mixture flow
rate, a sample with four sides coated with Pt nanoparticles
was tested. Figure 6 shows the dependence of the substrate
temperature on volumetric flow rate of the reactants. As the
compressed air flow rate was increased from 200 mL/min
to 1000 mL/min in increments of 100 mL/min, the stable
temperature of the substrate increased from 500◦ C to almost
900◦ C. These results are in agreement with similar studies
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Figure 4: (a) and (b) TEM images of unreacted platinum nanoparticles. (c) Particle distribution plot of Pt nanoparticles analyzed using a
semiautomated sizing approach based on TEM images.

that show higher fuel-air flow rate results in higher rate
of heat release by the catalysis reaction manifested as an
elevated stable temperature [15, 25]. The diminishing rate
of corresponding increase in temperature can be attributed
to the saturation of the active catalytic sites leading to
incomplete conversion of reactants to products. For stable
temperatures beyond 700◦ C, an initial peak in temperature
appeared before plateauing to the stable temperature. Such
behavior was documented by Ma and coworkers using
Pt nanoparticles supported on quartz wool [25]. Beyond
800◦ C however, a rapid spike in temperature emerged
that indicated substrate temperature reaching 1100–1150◦ C
before returning to the shape of temperature history at lower
flow rates. The rapid spikes were observed for compressed
air flow rates of greater than 800 mL/min. While these
samples with high flow rates showed repeatable catalytic
cycling, their lifespan was dramatically reduced due to
catalyst degradation. Samples tested at flow rates greater than

1000 mL/min were unable to demonstrate self-ignition for
the second cycle, suggesting significant degradation of the
catalyst substrate due to the high temperatures.
3.3. Mass Loading Dependence. A mass loading study was
conducted by varying the number of coatings within the
channels of the cordierite substrate. Since a single coating
was applied to each wall of the square channel, mass loading
study involved up to four Pt-coated sides. The mass loading
study was carried out at the minimum compressed air flow
rate of 200 mL/min to maintain low stable temperatures.
With the combination of low flow rate and the low mass
loading, the single Pt-coated substrate did not ignite at
room temperature. Facilitating room temperature ignition
required a minimum of two coatings. As seen in Figure 7,
the increase in number of Pt-coated sides is accompanied
by corresponding increase in stable temperature. Again, the
heat release is a function of fuel conversion rate which
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Figure 5: (a) and (b) are SEM images of Pt particles deposited on the substrate walls prior to catalysis (precatalysis). (c) Postcatalysis SEM
image of Pt nanoparticles with moderate sintering with peak temperatures of 500◦ C after two cycles (1 hr cycle time). (d) Coalesced spheres
of metallic Pt after experiencing peak temperatures of 1120◦ C over 25 cycles.
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Figure 6: Temperature histories for air flow rates ranging from 200
to 1000 mL/min with 100 mL/min increments. Catalyst substrates
with four Pt-coated were sides used in this study.

is dependent on the available active catalytic sites. As the
number of coatings increased, the active sites increased
driving higher rate of heat released.
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Figure 7: Temperature histories for substrates with two, three, and
four Pt-coated sides with air flow rate at 200 mL/min.

3.4. Device Performance Implications. For catalytic microscale combustion applications, typically long residence time
channel reactors are employed, such as the swiss-roll type
reactor [4, 22]. Considering the short catalytic substrate
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sample (19 mm) and the high reactant flow rates (200–
1000 mL/min) used here, it is expected that only fractional
conversion of the fuel and oxidizer mixture is achieved.
Within a device however, the excess methanol fuel can be
combusted by extending the catalytic channel to allow longer
residence times for the fuel to react. In addition, due to
the catalytic stability oﬀered by the cycling approach used
here, the peak temperatures of the overall device can be
easily controlled by tuning the catalytic cycling to match the
thermal requirements of the device. Alternatively, the mass
loading study indicated that substrates coated with a single
layer of Pt nanoparticles failed to ignite potentially as a result
of the low heat generation rate compared to the heat loss
to the surroundings. Therefore, strategies used to diminish
heat loss in microreactors can significantly reduce the Pt
mass loadings required to sustain combustion. Furthermore,
the size-dependent catalytic reactivity of Pt nanoparticles
can provide an additional control parameter for targeted
device operation conditions and is currently being explored
[11, 25].

4. Conclusion
Platinum nanoparticles have been previously identified as
strong candidates for sustaining microscale combustion and
have been used for many years in automotive catalytic
converters for exhaust gas cleanup. However, their vulnerability to sintering at high combustion temperatures
results in a decrease in the catalyst activity and limits the
catalyst lifetime. Therefore, the demonstration of repeatable
Pt nanoparticle catalysis over numerous cycles in this work
is an important step towards achieving controlled catalytic
combustion. The cycling studies showed that nanoparticle
sintering can be dramatically reduced to cause minimal or
negligible change in the activity of the catalyst particles.
The flow rate and mass loading studies provided additional
insights into operational regimes of a potential microreactor.
As next steps, quantitative investigation of the product gases
as a function of cycling periods, particle size, and catalyst
distribution can provide data necessary to model and design
functional eﬃcient microcombustor systems.
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There have been increasing interests in applying gold nanoparticles in biological research, drug delivery, and therapy. As the
interaction of gold nanoparticles with cells relies on properties of nanoparticles, the cytotoxicity is complex and still under
debating. In this work, we investigate the cytotoxicity of gold nanoparticles of diﬀerent encapsulations, surface charge states,
sizes and shapes to both human HEp-2 and canine MDCK cells. We found that cetyltrimethylammonium-bromide- (CTAB-)
encapsulated gold nanorods (GNRs) were relatively higher cytotoxic than GNRs undergone further polymer coating and citrate
stabilized gold nanospheres (GNSs). The toxicity of CTAB-encapsulated GNRs was mainly caused by CTAB on GNRs’ surface but
not free CTAB in the solution. No obvious diﬀerence was found among GNRs of diﬀerent aspect ratios. Time-lapse study revealed
that cell death caused by GNRs occurred predominately within one hour through apoptosis, whereas cell death by free CTAB was
in a time- and dose-dependent manner. Both positively and negatively surface-charged polymer-coated GNRs (PSS-GNRs and
PAH-PSS-GNRs) showed similar levels of cytotoxic, suggesting the significance of surface functionality rather than surface charge
in this case.

1. Introduction
Gold nanoparticles have been demonstrated to have extraordinary potential in biomedical applications including biological imaging, sensing, thermal therapy, drug and gene
delivery [1–11]. Compared to gold nanospheres (GNSs),
gold nanorods (GNRs) are especially beneficial in biological
imaging and sensing due to their unique optical properties
[12–14]. Cytotoxicity of gold nanoparticles, as the premise of
any further biological study, is a key issue to be investigated.
There have been intensive studies from diﬀerent point of
views focusing on the cytotoxicity of gold nanoparticles,
which are complex and still under debating. Compared to
GNSs, GNRs have been found to be toxic to cell culture, but
almost nontoxic after being coated with polymer molecules
[10, 15–27]. This is because the cytotoxicity depends on
the particle size, shape, surface charge and modification,
agglomeration, as well as the mechanisms of cellular uptake
and toxicity response [28–30]. Despite diﬀerence in particle

shape, one primary concerns about GNRs in biological
research is cetyltrimethylammonium bromide (CTAB), the
surfactant which is essential for nanorods growth in popularly used seed-growth GNRs synthesis method, but toxic to
cell lines [26, 31–33]. CTAB is important in controlling the
particle size and shape to achieve designed localized surface
plasmon resonance bands for spectroscopic and microscopic
applications in biological research [34–36]. As removal of
CTAB will cause instability of GNRs, polymers, such as
poly(acrylic acid) (PAA), poly(diallyldimethylammonium
chloride)-poly(4-styrenesulfonic acid) (PDADMAC-PSS),
and poly(ethylene glycol) (PEG), have been introduced to
functionalize the GNRs surface [31, 32, 37, 38].
Optical properties of gold nanoparticles critically depend
on their sizes, shapes, and surface conditions. On the other
hand, incubation time and particle concentration are key
parameters in controlling the internalization process of
nanoparticles into cells, as well as cell normal functions.
In this paper, we intended to investigate the cytotoxicity
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Figure 1: (a) Absorption spectrum of GNRs and polymer-coated GNRs; (b) absorption spectrum of GNR-1, GNR-2, and GNR-3; (c)
scanning electron microscopic image of GNR-1.

of gold nanoparticles in a systematic manner. GNRs were
synthesized via the same procedure but with 4 diﬀerent
aspect ratios, GNSs, and polymer- (polystryrenesulfonate
(PSS) and poly(allylamine) hydrochloride(PAH)) coated
GNRs have been applied to two cell lines at diﬀerent exposure
time and particle dosages. GNRs of aspect ratio of 3 are
approximately 40 nm long, which had excellent potential in
biological imaging and sensing applications [39–41]. PSS
and PAH have been used in multilayer membrane for longterm graft transplantation [42]. The layer-by-layer polyelectrolyte coating using PSS/PAH not only changes the surface
condition of gold particles inducing changes in particle
optical properties but also plays important roles in functionalizing new types of bioimaging tools, such as SPASER
(surface plasmon amplification by stimulated emission of
radiation), a surface-plasmon-based nanolaser providing
localized intensive excitation [43–45]. The dosage levels and

incubation time selected for 3-(4,5-Dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide MTT assay analysis was
based on the previous imaging study [39, 41]. In addition
to reveal the intrinsic cytotoxicity of gold nanoparticles, this
study also provide insights on managing the cytotoxicity of
gold nanoparticles in further biological research.

2. Material and Method
GNRs were synthesized by the seeded growth method [46],
and GNSs were prepared by Turkevich method [47]. Further
coating on GNRs was proceeded via electrostatic layer-bylayer growth using PSS and PAH. Single layer of PSS and
double layers of PSS/PAH coating were carried out following
a process described by Omura et al. (denoted as PSS-GNRs
and PAH-PSS-GNRs) [45]. Successful coating is proven by
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3. Results and Discussion
Figure 1(a) displays absorption spectra taken from GNRs,
PSS-GNRs, and PAH-PSS-GNRs. Absorption of three GRNs
of diﬀerent aspect ratios, 5, 4.5, and 3, are shown in
Figure 1(b), where a typical SEM image of GNR-1 is
displayed in Figure 1(c). Figure 2 shows the MTT assay
results on HEp-2 cells incubated for 1 h with diﬀerent types
of gold nanoparticles. The dosage is calculated as the volume
percentage of cell medium, for gold particles, concentration
of 1% is approximately 10−12 M. Contribution in absorption
from gold nanoparticles in MTT assay has been subtracted
taking into account the absorption coeﬃcient of diﬀerent
gold nanoparticles at 540 nm and number of nanoparticles
in cell culture.
Based on results displayed in Figure 2, GNRs have shown
much higher toxicity compared to GNSs. The (Citrate
stabilized) GNSs showed no significant cytotoxicity under
all dosage levels used, while for CTAB-capped GNRs, high
cytotoxicity was found especially at large dosages. It cannot

1.4
1.2
1
Cell viability

the shift of surface plasmon bands as shown in Figure
1(a). All particles were centrifuged to remove the excess
CTAB/polymers and redispersed in deionised water with a
final concentration around 10−10 M.
MDCK (ATCC CCL-34) and HEp-2 (ATCC CCL-23) cell
lines were obtained from American Type Culture Collection.
Cell culture medium was high-glucose (4.5 g/L) DMEM
containing fetal calf serum (10%), L-glutamine (2.9 mg/mL),
antibiotic-antimycotic solution (GIBCO). Cells were routinely cultured at 37◦ C under 5% CO2 .
MTT assay was carried out in the following procedure.
Briefly, both MDCK and HEp-2 cells were seeded at 1 ×
104 cells per well in 96-well plates. After 24 h of incubation
(37◦ C, 5% CO2 ), a series of concentrations of GNRs (in
water) was added in each well. The cells were further
incubated to appropriate time intervals. At appropriate time
intervals, 20 µL of MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide, 4 mg/mL in PBS) was added
to each well and incubated for up to 4 h at 37◦ C, 5% CO2 .
After careful removal of the media, 150 µL of DMSO was
added into each well to solubilise the purple crystals. After
being incubated at 37◦ C for 10 min, OD540 nm was measured
with a plate reader (LabSystems Genesis).
For fluorescent microscopic observation of apoptosis,
cells were seeded onto cover slides 1 × 105 cells per slide
in 24-well plates and cultured for 24 h at 37◦ C under 5%
CO2 . After exposure to GNRs for 5 h, the spent medium
was discarded and cells were incubated for 1 h in fresh
media containing sulforhodaminyl-L-valylalanylaspartyl fluoromethyl ketone (SR-VA-DFMK) according to manufacturer’s instructions (Immunochemistry Technologies). Cells
were washed with PBS and fixed with 3.7% paraformaldehyde (in PBS) for 10 min at 37◦ C. The coverslips were
mounted onto microscope slides with Prolong Gold antifade
reagent containing 4 ,6 -diamidino-2-phenylindole (DAPI)
(Invitrogen). Images were captured using a confocal microscope LSM 510 (Carl Zeiss).
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Figure 2: Cytotoxicity of diﬀerent types of gold particles and free
CTAB based on MTT assay outlined above.

be simply explained as shape eﬀect, as GNSs and GNRs
have diﬀerent surfactants and surface charge states. To
elucidate the eﬀects from capped CTAB, polymer-coated
GNRs have been compared with CTAB capped GNRs. Figure
2 shows that both PSS-GNRs and PAH-PSS-GNRs are less
toxic than GNRs, which becomes more apparent at higher
dosages.
The above observation is in line with the previous finding
that CTAB is the major reason for cytotoxicity [31, 32].
Nevertheless, the cause of the cytotoxicity, either the free
CTAB in solution or surfactant ones, is still debatable. To
bring insights into this issue, toxicity of free CTAB to Hep2
was examined. Figure 2 shows that free CTAB solution is
less toxic than CTAB capped GNRs. We thus propose that
the toxicity of GNRs is mainly related to the surface CTAB
on GNRs rather than free form in the solution based on
three facts. Firstly, as polymer-coated GNRs were centrifuged
under the same condition as GNRs, concentration of free
CTAB in the solution can be considered at a similar
level. Therefore, the diﬀerent cytotoxic properties should
be originated from diﬀerent surface conditions. Secondly,
1 mM of CTAB used here is 1% of the concentration used
for GNRs synthesis and considered to be the upper limit
of remaining CTAB in GNRs solution after centrifuge. This
is because GNRs solution was diluted roughly 10 times
after each centrifugation and concentration of free CTAB is
below 1/100 of the original concentration after two times of
centrifugations. Figure 2 shows that 1 mM CTAB has only
moderate cytotoxicity, much lower than GNRs, implying that
toxicity of GNRs is not mainly due to free CTAB. This result
is consistent with that of the time-lapse toxicity shown in
Figure 3(b), as cell survival of samples treated with 1 mM
CTAB solution from 1% to 10% of medium volume (actual
concentration 1×10−5 M to 1×10−4 M) decreased from more
than 90% to around 60%. At last, time-lapse toxicity study
reveals diﬀerent cytotoxic behaviour between GRNs and free
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Figure 4: MTT assay for HEp-2 (a) and MDCK (b) cells.

CTAB. Figure 3(a) shows that cell survival value reaches a
stable number in the first hour, and further incubation only
results in slight reduction in cell survival up to 9 hrs. While by
incubating a series of concentrations of free CTAB solution
to the cells for 1, 3, 5, and 7 hours, a dependence on both
concentration and incubation time was observed in Figure
3(b).
Additional polymer coating of GNRs not only prevents
direct interaction of CTAB with cell membrane but also
modifies the surface charge state. Previous work suggests that
cationic gold particles are moderately toxic, whereas anionic
ones are relatively nontoxic [25, 48]. This phenomenon can
be explained as the cell membrane is negatively charged
in which case cationic particles are prone to adsorb. Furthermore, it has also been reported that cationic particles
are more likely to follow a direct diﬀusion pathway while

anionic GNPs are internalized by endocytosis [25, 49]. In
this work, negatively charged PSS-GNRs perform less toxic
on all dosages, and no significant diﬀerence was observed
between PSS-GNRs and positively charged PAH-PSS-GNRs.
Considering both PAH-PSS-GNRs and GNRs have positive
surface charge, the discrepancy in cytotoxicity between CTAB
capped and polymer-coated GNRs should be related to
the surface CTAB on GNRs. With GNRs sizing around
50 nm, surface modification and interaction with membrane
functional parts may play a more important role than surface
charge property.
To study the influence of size and shape on the cytotoxicity, GNRs of diﬀerent aspect ratios were examined. It is
found that all three types of GNRs exhibited cytotoxicity to
both MDCK and HEp-2 cells in a dose-dependent manner
as shown in Figures 4(a) and 4(b), but no significant
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Figure 5: Confocal microscopy on HEp-2 cells for activated caspases (in red) and nuclei (in blue). All images were taken 5 h after GNR
treatment. (A) negative control (untreated cells); (B), (C), and (D), respectively, were cells treated with GNR-1 at the concentration of 1-, 5and 10-fold of 10−12 M of stock solution. Similarly, (E), (F), and (G) were cells treated with GNR-2, and (H), (I), (J) were cells treated with
GNR-3, respectively, at the concentrations of 1-, 5-, and 10-fold of the 10−12 M solutions.

diﬀerence were found between GNRs. The viability of the
cells decreased as the concentrations of GNRs increased.
However, the two cell lines had significant diﬀerence in
susceptibility to GNR-1 and GNR-2 at 2-fold of 10−12 M
(Student t-test, P < 0.1 in both cases): viability of HEp2 cells dropped below 60%, whereas MDCK cells remained
above 90% in both cases. Based on gold particle concentration and cell counts, we estimated that at 10−12 M GNRs

concentration, the particle cell ratio is approximately 300
GNRs per cell, which reduced cell viability by ∼20% in all
cases and may be used as an upper limit reference for cellular
research.
To detect apoptosis, cells were stained with SR-VADFMK, which detect all activated caspases. The activation of
caspases can be quantitatively correlated with the intensity
of the fluorescent intensity. All three types of GNRs were

6
confirmed to induce the activation of caspases in both cell
lines with diﬀerent capacity as is shown in Figure 5. In
general, the accumulation of activated caspases depends on
the dosage of GNRs, which is in accordance with the MTT
assay. Even at low dosage, activated caspases were detected
in HEp-2 cells. The signal intensity increased with the rising
dosage, and in the cases of treatment with high dose (10fold of 10−12 M), all cells were all stained strongly and many
cells were detached at this stage. All these results suggest that
GNRs have triggered apoptotic process. For MDCK cells,
figures not shown here, a similar trend has been observed,
while the stain was relatively weaker compared to Hep-2 cells
and did not increase as drastically as HEp-2 cells when higher
concentrations of GNRs applied, which is in accordance with
the MTT assay results.
In conclusion, GNRs show relative higher cytotoxicity
compared to GNSs and PSS/PAH-coated GNRs to HEp-2
cells, which is mainly related to the CTAB on particle surface
rather than the free ones in solution. Furthermore, dosage
rather than time scale is more important in GNRs-induced
cytotoxicity. The majority cell death occurs within one
hour of incubation via GNRs-induced apoptosis processes.
Change in the aspect ratio up to 5 has little influence on
GNRs’ cytotoxicity. Additional polymer (PSS/PAH) coating
can significantly improve cell survival, which seems not due
to the change of surface charge properties but isolation of
CTAB from cell membrane by additional layer(s) of barrier.
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Sonoelectrodeposition is a useful technique to make metallic nanoparticles, using ultrasound during electrodeposition to
remove nanoparticles as they grow on the cathode surface. This paper reports some structural and magnetic properties of FePt
nanoparticles prepared by this method. The as-prepared Fe45 Pt55 nanoparticles were ferromagnetic at room temperature. Upon
annealing at 700◦ C for 1 h under H2 atmosphere, the saturation magnetization and the coercivity of the nanoparticles were
improved significantly. The annealed nanoparticles showed a high coercivity of 13.5 kOe at 2 K and of 9 kOe at room temperature.
Sonoelectrodeposition is a promising technique to make large quantity of FePt nanoparticles.

1. Introduction
The ordered face-centered tetragonal (fct) L10 FePt materials
are normally obtained from the disordered face-centered
cubic (fcc) materials via the order-disorder transition. The
ordered FePt alloys possess excellent hard magnetic properties with the saturation magnetization, μ0 Ms , of 1.4 T,
the Currie temperature, Tc , of 750 K, and the crystalline
anisotropy K1 , of 7 MJ/m3 [1]. Despite the high cost of Pt,
FePt thin films or particles have been paid much attention
to their use as ultrahigh density magnetic storage media
and microelectronic mechanical system (MEMS) due to the
mechanical and chemical stability of the ordered fct L10
structure.
There are several ways to make FePt-nanostructured
materials including physical techniques such as mechanical
deformation [2], arcmelting [3], vacuum evaporation (sputtering and thermal evaporation) [4, 5], laser ablation pulse
[6], chemical methods [7–9], and physicochemical method
such as electrodeposition [10, 11]. Up to now, the vacuum
evaporation is the most used method. Electrodeposition is
a promising way to obtain FePt thin films because it is
less expensive than physical methods, less complicated than
chemical methods. But by this technique, it is diﬃcult to

get nanoparticles with large quantity. Sonoelectrochemistry
was developed to make nanoparticles [12]. It combined
the advantages of sonochemistry and electrodeposition.
Sonochemistry is a very useful synthetic method which was
discovered as early as 1934 that the application of ultrasonic
energy could increase the rate of electrolytic water cleavage.
The eﬀects of ultrasonic radiation on chemical reactions
are due to the very high temperatures and pressures,
which develop in and around the collapsing bubble [13].
Sonoelectrochemistry has the potential benefit of combining
sonochemistry with electrochemistry. Some of these beneficial eﬀects include acceleration of mass transport, cleaning
and degassing of the electrode surface, and an increased
reaction rate [14]. In this paper, we report the use of the
sonoelectrochemical method for the preparation of FePt
nanoparticles. Recently, CoPt nanoparticles encapsulated in
carbon cages prepared by sonoelectrodeposition have been
reported by Luong et al. [15].

2. Experimental
The sonoelectrochemical device employed is similar to that
described in [16]. A titanium horn with diameter of 1.3 cm
acted as both the cathode and ultrasound emitter (Sonics
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VCX 750). The electroactive part of the sonoelectrode was
the planar circular surface at the bottom of the Ti horn. An
isolating plastic jacket covered the immersed cylindrical part.
This sonoelectrode produced a sonic pulse that immediately
followed a current pulse. One pulse driver was used to
control a galvanostat and the ultrasonic processor, which
was adapted to work in the pulse mode. A home-made
galvanostat (without using a reference electrode) was used
to control the constant current regime. A platinum plate
with a square of 1 cm2 was used as a counter electrode.
The current pulse was 15 mA/cm2 . The ultrasound power
density was 100 W/cm2 . The duration ton of the current
pulse was 0.5–0.8 s, then the current was turned oﬀ for a
fixed duration toﬀ of 0.5 s. During ton , FePt nanoparticles
were deposited on the surface of the electrode. When the
current was switched oﬀ, an ultrasound was activated to
remove the nanoparticles from the electrode. The time of
ultrasound was 0.3 s. The temperature during the reaction
was room temperature. The volume of the electrolysis cell
was 80 mL containing 1 mM H2 PtCl6 , 0.1 M FeSO4 , and
0.525 M Na2 SO4 . The chemicals were mixed under N2
atmosphere. The pH = 3 of the solution was controlled by
H2 SO4 . After deposition, FePt nanoparticles were collected
by using a centrifuge (Hettich Universal 320, 9000 rpm,
20 min). Nanoparticles were dried in air at 80◦ C for 20 min.
All samples were annealed at 700◦ C for 1 h under H2
atmosphere. The structure of the nanoparticles was analyzed
by using a Bruker D5005 X-ray diﬀractometer (XRD). The
particle morphology was obtained from a transmission
electron microscope (TEM JEM1010-JEOL). The chemical
composition of the FePt nanoparticles was studied by using
an energy dispersion spectroscopy (EDS OXFORD-ISIS 300)
and revealed that the chemical composition of our sample is
Fe45 Pt55 . Magnetic measurements were conducted by using
Quantum Design’s superconducting quantum interference
device (SQUID) with a magnetic field up to 50 kOe at
temperature range from 2 K to 300 K.

(111) f

Figure 1: TEM images of the as-prepared (a) and annealed (b) Fe45 Pt55 nanoparticles (700◦ C/1 h).
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Figure 2: XRD patterns (Cu Kα radiation) of the as-prepared
(bottom) and annealed (top) Fe45 Pt55 nanoparticles compared to
those of the intensities for L10 FePt (PDF file 431359) and for Pt
(marked by the asterisks, PDF file 04–0802). The fundamental peaks
of FePt structure were denoted by “ f ,” and the superlattice peaks
were denoted by “s.”

3. Results and Discussion
Figure 1 is the TEM images of typical as-prepared and
annealed samples. Particle size of the as-prepared Fe45 Pt55
sample was 5–10 nm. After annealing the particle size
increased to 10–25 nm due to the aggregation and particle
growth. In addition, the size distribution of the annealed
particles was larger than that of the as-prepared samples.
Figure 2 shows the XRD patterns of the as-prepared
and the annealed Fe45 Pt55 nanoparticles (700◦ C for 1 h).
Before annealing, the XRD results showed the reflections of
pure Pt structure, which is similar to other FePt thin films
produced by electrodeposition [17]. However, authors in

Journal of Nanomaterials

60

FePt

40

M (emu/g)

20
0
−20
−40
−60
−40

−20

0
H (kOe)

20

40

T = 2K
T = 200 K
T = 300 K
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diﬀerent temperatures.

16
FePt

14
12

Hc (×103 Oe)

[17] thought that the reflections were from the disordered
fcc phase. For the fcc phase, XRD results present only
the fundamental reflections which are (111), (200), and
(220). The fundamental reflections of the fcc FePt are
close to the (111), (200), and (220) reflections of the Pt
that make some scientists thought that they are of the fcc
structure. We propose that XRD results from our as-prepared
nanoparticles and from [17] are the peaks of only Pt. The
reflections from Fe are very weak due to the fact that their
atomic weight is much less than that of Pt which is similar
to the XRD result of FePt foils prepared by cold deformation
[18]. The Pt peaks in the as-prepared samples are broad due
to the small size of the particles. Using the Scherrer formula
with the full width at half maximum of the strongest peak
(111), the mean particle size of Pt particles was deduced to be
5.2 nm, which is much smaller than the particle size obtained
from the TEM image. The particles were not disordered FePt,
but they can be formed by many small domains of pure Fe
and Pt. The formation of FePt by electrodeposition did not
occurr and may be ascribed to the large diﬀerence in the
standard electrode potential of the Fe2+ /Fe (−0.44 V [19])
and Pt4+ /Pt (0.742 V [20]). Upon annealing, the formation of
the ordered L10 fct phase happened by the diﬀusion process
between Fe and Pt domains.
Magnetic measurements revealed low-saturation magnetization (Ms ) and coercivity (Hc ) in all as-prepared
samples (data not shown). The saturation magnetization
of the unannealed particles was about few emu/g and the
coercivity was 20–80 kOe. The low value of Ms of the asprepared nanoparticles may be explained by the oxidation or
hydroxidation of Fe atoms in nanoparticles, which can result
in the weak magnetic iron oxides and iron hydroxides. This
is in agreement with the suggestion of separated Fe and Pt
domains in as-prepared nanoparticles. It is known that FePt
with high-saturation magnetization is a chemically stable
material. Therefore, it is diﬃcult to be oxidized to form weak
ferromagnetic materials. After annealing, the hard magnetic
FePt phase was formed. Figure 3 presents the magnetic
curves of the annealed Fe45 Pt55 at diﬀerent temperatures.
The curves show a typical hard magnetic hysteresis loops
with high Hc . Beside, form of the magnetic curves shows
that a small soft magnetic phase, probably FePt3 , exists in
the sample. The as-prepared Fe45 Pt55 nanoparticles were ferromagnetic at room temperature. Upon annealing at 700◦ C
for 1 h, the saturation magnetization and the coercivity of
the nanoparticles were improved significantly. Coercivity of
annealed Fe45 Pt55 nanoparticles as a function of temperature
is shown in Figure 4. At 2 K, the coercivity is 13.5 kOe and
slightly decreases with increasing temperature to the value of
9 kOe at 300 K.
Magnetic squareness S = Mr /Ms of annealed Fe45 Pt55
nanoparticles as a function of temperature is shown in
Figure 5. The temperature dependence of S is similar to
that of Hc . At 2 K, the magnetic squareness is 0.78, slightly
decreases with increasing temperature, and has a value of
0.745 at 300 K. This value of S is very close to that obtained
for L10 CoPt nanoparticles at room temperature [15].
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Figure 4: Coercivity of annealed Fe45 Pt55 nanoparticles as a
function of temperature.

4. Conclusion
Sonoelectrochemistry is a promising method to make FePt
magnetic nanoparticles. The annealed FePt nanoparticles
made by this technique had the size of 10–25 nm. After
annealing, the nanoparticles showed a high coercivity of
13.5 kOe at 2 K and 9 kOe at room temperature. This method
possesses some advantages compared to common methods
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Figure 5: Magnetic squareness S = Mr /Ms of annealed Fe45 Pt55
nanoparticles as a function of temperature.

such as simple preparation, low-cost equipment, and easy
scaleup.
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The vibration behavior of doubly clamped silicon nanowires with square cross sections is studied by molecular dynamics method.
Silicon nanowires have lengths ranging from 4.888 to 12.491 nm and cross sections ranging from 1.22 nm × 1.22 nm to 3.39 nm ×
3.39 nm. The size dependence of the resonant frequency is studied in detail. The results show that the vibration behavior of Si
nanowire is quite diﬀerent from the macroscopic beam, and the resonant frequency is much higher than the result based on the
continuum theory, but close to the theoretical result based on the semicontinuum approach. Surface reconstruction can strongly
aﬀect on vibration behavior. These results demonstrate that the classic theory may not be suitable for analysis of performances of
nanostructures, and the conclusion of the study has a certain practical significance on related fields.

1. Introduction
In last decade, resonant nanoelectromechanical systems
(NEMSs) have been found in a variety of important applications, including ultrasensitive mass and force sensing [1,
2], ultralow-power radio frequency (RF) signal generation,
timing [3–5], and switch [6]. Silicon-based nanowires
and nanobeams with very small dimensions and highperformance form the basis of most experimental demonstrations in these applications, where the nanowires or the
nanobeams appear either in cantilever or in doubly clamped
beam resonators. Nanoscale cantilevers are preferred to be
resonators in mass sensing and ultrahigh frequency applications. For example, the nanothick resonant cantilever is
used to detect ppm level trace trimethylamine vapor via
specific molecular adsorption by measuring the resonant
frequency shift of the cantilever [7]. On the other hand,
doubly clamped silicon nanowire or nanobeam is another
type of resonators in nanomechanical systems. They are also
very attractive to researchers. As early as the year 2007, the
fundamental resonance of 215 MHz of the doubly clamped
silicon nanowire was demonstrated by Feng et al. [3]. The
demonstration of mass spectrometry based on single biological molecule detection by using a doubly clamped silicon
resonant nanobeam was reported in 2009 [8]. Therefore, the

resonant or vibration behavior of the silicon nanowire is very
important to the mass sensing and other applications and has
been widely studied by researchers.
In the aspect of theoretical study, some of researches
applied equations and software based on continuum assumption to nanowires when they studied the resonance
of silicon nanowires and the relationship between resonant
frequency and Young’s modulus [3, 9, 10]. However, because
of the low dimension of the nanowire, the mechanical
properties and thus the vibration behavior may deviate from
their microscopic and macroscopic counterparts. It means
that classical theories based on continuum assumptions or
computational design tools, which have been developed for
microstructures and macrostructures, may not be directly
applicable for the nanostructures. Some approaches have
been proposed to extend classical continuum theories to
nanostructured materials. By considering the discrete nature
of nanomaterial, Sun and Zhang developed a semicontinuum
model to calculate Young’s modulus of the ultrathin film with
a simple cubic lattice [11]. This approach was then developed
to study Young’s modulus of silicon nanoplate [12]. Based
on this approach, a multiscale model was built to analyze
the deflection and resonant frequency of silicon nanobeam
[13, 14]. On the other hand, molecular dynamics method
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Figure 1: Model of a doubly clamped silicon nanowire and one AFM probe: (a) before optimization and (b) after optimization.
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is often used to study and simulate the mechanical and
resonant properties of nanowires. Park et al. and Kim et al.
[15, 16] simulated the flexural and longitudinal vibrations
of silicon nanocantilevers by molecular dynamics method.
They deduced the elastic modulus and Young’s modulus
for nanothick silicon cantilevers from the natural frequency
equation based on the continuum theory.
In this paper, we study the resonant behavior of doubly
clamped silicon nanowires by using a specific computer code,
Forcite, which is based on molecular dynamics method. Our
results are in well agreement with the results based on the
multiscale model but much higher than those based on
continuum theory.

−500
−1000
−1500
−2000
−2500
−3000

0

10

2. Construction of Simulation Model
Simulation model of one doubly clamped silicon nanowire
with a square cross section is built as shown in Figure 1(a)
(yellow atoms). The red atoms at two ends of the silicon
nanowire are clamped. The cross section and the orientation
of the silicon nanowire are depicted in Figure 1, too. Periodic
boundary condition is used in the longitudinal direction of
Si nanowire, and lateral surfaces are under free boundary
conditions in vacuum. The simulation has been carried out
at the average temperature of 298 K with a time step of 1 fs.
Compass (Condensed-phase Optimized Molecular Potential
for Atomistic Simulation Studies) force-field is selected when
simulation is performed.
To actuate the nanowire, an AFM probe is constructed
above the nanowire, which is denoted by green atoms in
Figure 1. After structure optimization, the nanowire begins
to deflection as shown in Figure 1(b), because Van der Waals
force exists between the AFM and the nanowire. Then the
AFM is removed and the simulation starts. Because of the
initial deflection, the nanowire will vibrate freely.
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Figure 2: Energy of the nanowire while vibrating.

Figure 3: Vibration traces of the silicon nanowire in one oscillation
period.

3. Simulation Results and Discussion
Figure 2 shows the kinetic and potential energy of the silicon
nanowire when the nanowire is vibrating. It can be seen
that after undergoing very short transient oscillations, the
kinetic energy and potential energy start oscillating almost
in one uniform period. At the maximum point of the kinetic

energy, the potential energy reaches to the minimum, and
vice versa. Exchange between the kinetic energy and the
potential energy occurs during one period.
Figure 3 shows the vibration traces of the nanowire in the
successive time moment during one oscillation period. It is
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As we have known, the first mode frequency ω0 and the
jth mode frequency ω j for a doubly clamped Euler-Bernoulli
beam can be written as [17]

8000



Amplitude

6000

ω0 =


4000

2000

0
0E+000

1E+012

2E+012

3E+012

Frequency (Hz)
1.794E11

Figure 4: Frequency response of a silicon nanowire.
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Figure 5: Fundamental frequency as a function of nanowire thickness: simulation results by MD software (black), and calculation
results based on (1) (green) while Young’s modulus coming from
[15, 16]. All nanowires keep the same length of 9.232 nm and the
same width of 2.85 nm.

seen that the vibration mode is the first mode and the motion
of the nanowire in one oscillation period is diﬀerent from
that of a macroscopic beam.
The frequency response of the silicon nanowire can be
obtained by performing FFT of the kinetic energy or the
potential energy. Figure 4 shows the frequency response of
the nanowire with a length of 9.232 nm. The cross section
is 1.22 nm × 1.22 nm. It can be seen that the fundamental
frequency is about 179.4 GHz.
The vibrations of nanowires with diﬀerent thicknesses
are studied. The fundamental frequency as a function of
thickness of the nanowire is shown in Figure 5 (black).



(1)


j = 1, 2, . . . . ,

(2)

where E is Young’s modulus, m is mass per unit length,
m = ρA, ρ is the density of the beam, A is the area of the
cross section, and l and I are the beam length and the mass
moment of inertia, respectively. Now we apply this model to
calculate fundamental frequencies of doubly clamped silicon
nanowires. Young’s modulus in (1) takes the value obtained
by Park et al. [15, 16] for silicon nanowire. The results
calculated from (1) for nanowires with diﬀerent thicknesses
are also shown in Figure 5 (green).
It is noticed that there is a big deviation between
simulation results and calculation results based on (1). The
deviation is larger than 60%. This means that the classic
theory may not be suitable for analysis of performance
of nanostructures, since (1) is built based on continuum
assumption, and the discrete nature must be considered in
the model for nanostructures. By considering the discrete
nature in thickness direction of nanobeam, a multiscale
model is proposed to study the vibration frequency of silicon
nanobeam [14]. In this model, the fundamental frequency of
the doubly clamped silicon nanobeam is described as

150
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2

ω j = jπ ω0

EI
,
ml4

=

ω0
2π

⎧
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⎪
⎪
×
,
⎪
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⎪
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⎪
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⎨
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⎪
⎪
⎪
2π
⎪
⎪
⎪
⎪
⎪
l2
⎪
⎪
⎪
⎩

N > 3,

ka 1
(N − 3)(N − 2)(2N − 5)
3ρN 18
3(N − 3)2 + 12(N − 3)t + 14t 2
,
+
t(2 + t)2

(3)
where l, ρ, and a are the length, the density, and the lattice
constant of the silicon nanobeam, respectively. N is the
number of lattices in thickness, k is the spring constant
between two silicon atoms, 2.614 × 102 N/m, and t is the
relaxation constant. For nonsurface relaxation, t = 1. Based
on this multiscale approach, resonant frequencies for silicon
nanowires are calculated and compared with our simulation
results, as shown in Figure 6. It is clear that the discrepancy
between them is smaller than the deviation in Figure 5. The
deviation here is smaller than 20%. This figure shows that
our results are in well agreement with the multiscale model
results.
When the length of the nanowire is changed, the vibration behavior will change, too. The fundamental frequencies
of doubly clamped silicon nanowires with diﬀerent lengths
are studied. Figure 7 shows the resonant frequency as a
function of length of the silicon nanowire. The fundamental
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Figure 6: Fundamental frequency as a function of nanowire thickness: simulation results by MD software (black), and calculation
results based on multiscale model (red). The length of nanowire is
9.232 nm.
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Figure 7: Fundamental frequency as a function of length of silicon
nanowire. The width and thickness of nanowires are both of
1.22 nm.

frequency decreases monotonically with the length increasing.
When the width is changed, the frequency response of the
nanowire does not change significantly, as shown in Figure 8.
This concludes that the transverse vibration frequency is not
related to the width of nanowire too much, which is similar
with the result based on continuum theory.
Surface reconstruction can strongly impact on the elasticity of silicon nanoplate [18–20]. Therefore, the eﬀect
of surface reconstruction on vibration frequency of silicon
nanowire is also studied in detail. The (2 × 1) dimmer
reconstruction is considered on four of lateral surfaces of the
silicon nanowire. Figure 9 shows the vibration frequencies
with and without reconstruction for nanowires with diﬀerent
cross sections. It can be seen that the frequency under surface
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Cross-sectional area (nm2 )
Without reconstruction
With reconstruction

Figure 9: Resonant frequency for nanowires with diﬀerent cross
sections with and without reconstructions on lateral surfaces.

reconstruction is much higher than that without reconstruction. The frequency is almost doubled by surface reconstruction for the nanowire with the cross section of 1.488 nm2 .
Because of the surface reconstruction, the nanowire becomes
stiﬀer, and Young’s modulus becomes larger, resulting in the
resonant frequency increasing significantly. The size of cross
section is smaller, the change of resonant frequency is greater,
since the surface-to-volume ratio is higher for the nanowire
with a smaller cross section.

4. Conclusions
Vibration behavior of doubly clamped silicon nanowires is
studied by molecular dynamics software. The results are

Journal of Nanomaterials
diﬀerent from those based on classic continuum theory but
are close to the results obtained from semicontinuum approach. Resonant frequency of doubly clamped silicon
nanowires strongly depends on the length and thickness of
the nanowire. Surface reconstruction has strong impact on
the vibration behavior of the silicon nanowire, especially on
the nanowire with smaller size. The results show that the
classic theory may not be suitable for analysis of the vibration
of silicon nanowires.
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The study of variation of the size and shape eﬀect on the melting property of gallium nitride nanoparticles with their spherical
and cylindrical geometrical feature is theoretically explored. A numerical thermodynamical model has been devoted for the study.
A comparative investigation is made between the two shapes, at the range of ∼3 nm dia. The cylindrical GaN nanoparticles, whose
melting point has been reported to decrease with decreasing particle radius, become larger than spherical-shaped nanoparticles.
The melting temperature obtained in the present study is in line with the function of radius of curvature.

1. Introduction
It has been well established both experimentally and theoretically that the melting temperature (T) of nanoparticles depends on the particle size [1–11]. Pawlow in 1909
developed a thermodynamical model that predicts a point
depression of nanoparticles with the particle size. An attempt
to confirm this experimentally has been made first by Pawlow
[12] in 1910. Subsequently, other researchers have investigated the variation of melting temperature with particle size
[13–17].
A numerical thermodynamical model is implemented
for our exploration of the temperature distribution with
respect to other size of the spherical and cylindrical nanoparticles of gallium nitride (GaN). In the last decade, GaN
has been investigated intensively, both experimentally and
theoretically [18–22]. It is a wide bandgap semiconductor
that exists in both wurtzite and zinc blende crystal structure.
All devices, currently constructed for applications with the
use of wurtzite structure. Because of the wide bandgap, the
intrinsic carrier concentration ni of GaN is essentially Zero
at T = 300 K, and ni remains small enough so as to have
a negligible eﬀect on the operation of most of the devices
until T ≈ 1000 K. This property makes this wide bandgap
material suitable for use in high-temperature environments.
GaN is a very hard, mechanically stable wide bandgap

semiconductor material with high heat capacity and thermal
conductivity [18]. GaN can be doped with silicon (Si) or
with oxygen to n-type and with magnesium (Mg) to ptype [19]; however, the Si and Mg atoms change the way
GaN crystals grow, introducing tensile stresses and making
them brittle [20]. GaN compounds also tend to have a high
spatial defect frequency, on the order of a hundred million
to ten billion defects per square centimeter. The crystalline
quality GaN led to the discovery of p-type GaN [19],
p-n junction blue/UV-LEDs [19], and room-temperaturestimulated emission. The very high breakdown voltage [21]
high electron mobility, and saturation velocity of GaN has
also made it an ideal candidate for high-power and hightemperature microwave applications, as evidenced by its high
Johnson’s figure of merit. Moreover, GaN-based MOSFET
and MESFET transistors also oﬀer many advantages in
high-power electronics, especially in automotive and electric
car applications [22]. Nanotubes of GaN are proposed for
applications in nanoscale electronics, optoelectronics, and
biochemical-sensing applications. They are also useful in
military electronics such as active electronically scanned
array radars. A GaN nanoparticle in a BN matrix by nitridation with urea has a lot of applications. Bionanotechnology is
the use of biomolecules for applications in nanotechnology,
including use of viruses.
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The interest has been heightened recently at the nanoscale, because nanostructures are pervasive in nature and in
modern industry. We depict that the variation of the properties of GaN material with its geometrical feature size has
a long history because of its importance in many fields. In
physics and chemistry, the eﬀect of particle size on melting
has been discussed since 1900s, and this eﬀect is not restricted to any particular material; rather, it is observed in a
variety of materials from metals and alloys, and the typical
size range over which the melting temperature undergoes
a large change in the range 5–100 nm [23–31]. Many
phenomena in solid-state physics and materials science also
exhibit size dependence. For example, the elastic constants
of Ag and Pb nanowires of diameter 30 nm are nearly twice
those of the bulk metals [32]. Such increase in stiﬀness
cannot be explained by structural modifications of the materials as the nanoscale reduction in the size of the solids also
results in a change of their failure mode.
Thus, when the size of brittle calcium carbonate particles
is reduced to a critical value of 850 nm [33, 34], the particles
behave as if they were ductile. Size dependence of the melting
temperature at nanoscale has enormous implications in the
production of nanocrystals and in the thermal stability of
quantum dots. A large data has accumulated on this size
dependence, and a number of theoretical models have been
proposed to explain it. Thermodynamically, the melting
temperature of nanoparticles has been described by three
models: (1) the homogeneous melting and growth, (2)
the liquid shell nucleation, and (3) the liquid nucleation
and growth. All the three models predict a size-dependent
melting temperature.
The melting temperature of the nanoparticles will be
diﬀerent in diﬀerent shapes when considering the radius
of curvature of nanoparticles; especially the particle size is
mentioned with respect to its radius of curvature. Therefore,
an indispensable course of action to take the particle size into
consideration is when one develops the models for the melting temperature of nanoparticles. In the present work, the
radius of curvature is considered to account for the particle
shape diﬀerence and develop the model for the cylindrical
nanoparticles. According to the relation between the melting
temperature and radius of curvature of the nanoparticles, an
expression (15) for the size- and shape-dependent melting
temperature of nanoparticles is developed. The theoretical
prediction of this expression for the melting temperature
of GaN nanoparticles is compared between spherical and
cylindrical shapes.

It has been assumed that the geometry of the heterogeneous nucleation is that of the cylindrical-shaped particle. So
the equation can be written as


∂Γ ∂Γ
= 0.
+
∂R ∂H

+ interfacial energy
+ substrate energy.

Δγsb
R,
γs

H=

(4)

where Δγsb is a parameter called wetting or spreading
parameter which is given by
Δγsb = γb − γs − γsb .

(5)

The magnitude of the wetting or spreading parameter
(Δγsb ) is used to determine whether the surface melting takes
place or not in the given substrate. If the magnitude of the
spreading parameter is positive, that is, Δγsb > 0, then there
is a possibility of wetting the substrate, and if it is negative,
that is, Δγsb < 0, then the surface melting takes place.
In the case of nanofilms, the free surface energy of
the solid is always higher than the energy density of the
bare substrate, thus, Δγsb is always less than zero and it is
negative. From (5), it is seen clearly that if Δγsb is negative,
then H is also negative, and this is not possible. Thus, to keep
H positive, a negative sign is included in (4), that is,
H=−

Δγsb
R.
γs

(6)

Substituting the value of H (height of the spherical nanoparticle on the substrate) in (3), we get




a 2
a + Γb .
Rs

(7)

R∗s is the corresponding radius of curvature of supported
spherical nanoparticle, and it is given by
∗

Rs =
(1)

(3)

To find the relationship between R and H, substituting (2) in
(3), we get

2. Model of Calculation

total surface energy = free surface energy

(2)

where R, H are the radius and the height of the cylindrical
nanoparticle on the substrate, γs is the surface energy of the
solid vapor interface, γb is the surface energy of the bare
substrate, γsb is the interfacial energy between the solid and
the substrate and Γb is the total energy of the substrate.
Now, (2) can be minimized by using the condition

Γ∗ = 2πγs

2.1. Surface Energy Calculation. It is known that the total surface energy involved in any heterogeneous nucleation is given
as



Γ = 2πRHγs + πH(2R − H) γsb − γb + Γb ,

 1/3 

1
2

2γs
Δγsb

2/3

a
3 + Δγsb /γs

1/3 ,

(8)

where Γ∗ is the equilibrium surface energy, and R∗s is the
corresponding radius of curvature of the supported gallium
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nitride (GaN) solid spherical nanoparticles [35] and it is
given by
⎛

H

⎞



3
4γs2 π 2

δ
⎜
⎟
R∗s = LG ⎝1 −  
 
2 3 ⎠,
2
2
r 4γs π + γb − γs − γsb

where LG is latent heat of melting material of GaN, δ is fitting
parameter, and it is a measure of GaN solid shell.
Similarly, the corresponding radius of curvature of the
GaN nanoparticle with liquid film surrounding the solid [35]
R∗l is given as
⎛



δ 4γl2 π 2

⎜

⎞

3

⎟

R∗l = LG ⎝1 −  
 
2 3 ⎠,
r 4γl2 π 2 + γb − γl − γlb

(10)

where γl is the free surface energy of the liquid-vapors
interface, and γlb is the interfacial energy between the
liquid and substrate. The basic formula for the radius of
curvature of cylindrical nanoparticle which is used in the
above expression has been attached in the Appendix [35].
2.2. Melting Point Calculation. The expression for the melting of nanoparticle can be derived using free energies density
of solid and liquid. The free energy density expression for
the solid (Fs ) and the corresponding liquid (Fl) are given as
follows [36]:
γs
4
Fs = πa3 ρ fs + 4πa3 ρ ∗ ,
3
Rs

(11)

where a is the radius of the melting of nanoparticle, fs is the
surface energy of solid, and fl is the surface energy of liquid.
Now the diﬀerence in free energies (ΔF) is calculated to be
ΔF = Fs − Fl ,

4
ΔF = πa3 ρ
3






γs
γl
fs − fl + 3 ∗ − ∗
Rs
Rl




.

(12)

It is already known that


fl − fs = ρL 1 −



T
,
Tc

(13)

where ρ is the density of the materials, L is the latent heat of
the material, Tc is the bulk melting temperature, and T is the
melting point of the nanomaterial as a function of size. At
melting point the diﬀerence in free energies is zero, that is,
ΔF = 0. Substituting the above two equations, we get




γl
2 γs
Tm = Tc 1 −
− ∗
∗
ρL Rs
Rl

r

Figure 1: H: height of cylindrical particle with quasiliquid film. R:
radius of curvature of quasi liquid film formed on the core cylindrical solid particle. r: radius of curvature of the core cylindrical
solid particle. h: height of the core cylindrical solid particle.

Thus, the expression for melting point for nanofilms (Tm )
as a function of radius of the particle is given as follows:


Tm = Tmfree 1 −



.

(14)

If R∗s = R∗l = R∗ , that is, if no surface melting takes place
then, Tm = Tmfree (R∗ ). Tmfree is the melting point of nanofilms
with free interfacial energy between liquid and substrate.



γl
2 γs
− ∗
ρL R∗s
Rl



.

(15)

Using the expression above, the variation of the melting
point with respect to the GaN particle can be plotted.
Similarly, the expression for the melting point GaN
nanofilms as a function of the radius of the particle [35] is
given as
⎡

γl
4
Fl = πa3 ρ fl + 4πa3 ρ ∗ ,
3
Rl

h

R

(9)

TGN

⎛



γl ρs
2 ⎝ γs
= T ⎣1 −
−
ρs LG Rs Rl ρl

2/3 ⎞⎤
⎠⎦,

(16)

where TGN is the temperature of nanoparticle of GaN, T is
the Bulk melting temperature of GaN, ρs Density of GaN
solid phase, ρl is the density of GaN liquid phase, LG is the
latent heat of melting GaN material, γs is the surface energy
of solid GaN, γl is the surface energy of liquid GaN, Rs is the
radius of curvature of supported GaN nanoparticle, and Rl is
the radius of curvature of nanoparticle with liquid film.
2.3. Surface Melting Calculations. The schematic diagram for
the surface melting is as shown in Figure 1. A quasiliquid
film of radius R is formed on the core solid particle of radius
r. The diﬀerence between R and r gives the thickness of the
liquid film.
At the onset of surface melting, we assume that the geometry is close to that of the solid particle in a quasiliquid film
of radius of curvature R formed on the core solid particle of
radius of curvature r. The diﬀerence between R and r gives
the thickness of the liquid film. The solid particle is in its
equilibrium geometry and it is initially wet by a molten layer
with uniform thickness. The radius of curvature of solid
particle is r and height is h [35].
Liquid film thickness is given as
δ = H − h = R − r.

(17)
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The total energy of the surface-melted particle is then a
function of δ and is given as
F(δ) = Vs (δ) fs − fl + Vl fl + Γ(δ),

(18)

where Vs is the volume of the solid, Vl is the volume of the
liquid, Γ(δ) is the thickness-dependent surface energy.

3. Results and Discussion
The crystal shape and the supporting substrate influence
the size dependence of melting point, where the cylindrical
shape is considered. The mentioned gallium nitride (GaN)
nanoparticles are extremely small in 1–100 nm range. There
is a considerable diﬀerence in the calculated values of the
melting point as a function of size of the particle. It is known
that the radius of curvature varies according to the shapes of
the nanoparticle which decide the size of the particle.
The main diﬀerence between (8) and other expression
(9) for the size-dependent melting temperature is that the
radius of curvature of spherical and cylindrical shape is
considered in (8) and (9), respectively, and derived using
a separate helical method which is given in the Appendix.
Based on expression (8), corresponding melting point for
GaN is obtained in expression (15).
Using the expressions (8) and (15), the size of the
supported spherical nanoparticle is calculated and also the
variation of the melting point, which is listed in Table 1.
Similarly, using the expressions (9) and (16), the size of
the supported cylindrical nanoparticle is calculated and also
the variation of the melting point, which is listed in Table 2.
The thickness of the quasiliquid film is plotted as a function
of the size of the supported nanoparticles.
3.1. Melting Point versus Radius of the Particle. Using the data
for the gallium nitride (GaN) nanofilms in the expression
that is derived for melting point, the variation of the melting
point with respect to the size of the supported nanoparticles
can be tabulated. Using Tables 1 and 2, the melting point can
be plotted against the radius of the supported spherical and
cylindrical nanoparticles, respectively.
From Figures 2 and 3, it can be clearly seen that with
decrease in size of the supported nanoparticles, the melting
point reduces. It is also seen that there is a variation in the
melting point for free nanoparticles and the nanofilms. Thus,
the eﬀect of substrate is determined.
An important part of our present work is a comparative study of GaN film between spherical and cylindrical
nanoparticles has been done, and the theoretical calculated
values are tabulated in Table 3, comparative Figure 4 plotted
by the tabulated values shows the variation of melting point
of GaN nanofilms against the size of the spherical and
cylindrical nanoparticles.
In this, it is clearly shown that the melting temperature
decreases when the particle size reduces little more in the case
of cylindrical than the spherical nanoparticle. At nanoscales,
particles exhibit many thermophysical features distinct from
those found at microscales. As the size decreases beyond
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Figure 2: Variation of melting point of GaN spherical nanoparticles
against the size of the particles.
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Figure 3: Variation of melting point of GaN cylindrical nanoparticles against the size of the particles.

a critical value, due to the increase in the surface-tovolume ratio, the melting temperature derivates from the
bulk values and becomes a size-dependent property. This
phenomenon has been studied experimentally by means of
transmission electron diﬀraction by Wronski for nanosized
tin [37]. The melting point agrees reasonably well with
the predictions based on classical theories, which show a
nonlinear relationship with the reciprocal of the particle size.
The melting temperature of gallium nitride (GaN) becomes
size dependent for particles smaller than 10 nm, reducing
from 1618 K range for a 5 nm particle.
Pawlow [1] improved the Gibbs-Thompson model by
considering the equilibrium of a liquid spherical drop with
both a solid spherical particle of the same material and
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Table 1: Variations in melting point of GaN spherical nanoparticles against the size of the particles.
S. no.
1
2
3
4
5
6
7
8
9
10

Rs (nm)
2.28
3.38
4.69
5.58
6.61
8.27
10.68
12.10
14.29
18.48

1/Rs (nm)−1
0.439
0.296
0.213
0.179
0.151
0.121
0.094
0.083
0.069
0.054

TGN (K)
γlb =
1085.07
1204.39
1480.29
1618.64
1747.07
1831.74
1892.44
1926.31
1959.76
2007.25

0.05 J/m2

γlb =
1203.18
1365.48
1615.33
1726.84
1851.97
1932.92
2000.64
2034.11
2071.26
2101.82

γlb = 0.15 J/m2
1321.29
1514.15
1747.07
1861.88
1966.78
2037.81
2122.06
2149.32
2186.48
2230.26

0.10 J/m2

γlb = 0.20 J/m2
1443.12
1632.27
1841.65
1949.85
2051.33
2152.92
2216.63
2243.89
2270.73
2311.21

Table 2: Variations in melting point of GaN cylindrical nanoparticles against the size of the particles.
S. no.
1
2
3
4
5
6
7
8
9
10

Rs (nm)
2.23
3.52
4.69
5.61
6.64
8.38
10.61
12.17
14.29
18.19

1/Rs (nm)−1
0.448
0.284
0.213
0.178
0.151
0.118
0.094
0.082
0.071
0.055

TGN (K)
γlb = 0.05 J/m2
941.41
1057.22
1280.02
1433.81
1553.06
1634.36
1694.18
1725.63
1753.62
1791.21

its vapor. This model leads to the following Well-Lenon
Equation (15). The suggestion that the melting point of a
particle should depend on its size is implicit in the work
Thomson [38].
It is well known that the melting temperature of Au
(1064 K) decreases when particle dimensions are reduced
to the nanoscale. Therefore, at ∼3 nm diameter, Au particle
can melt at temperature ∼500 K [23, 39, 40]. Similarly, the
melting temperature of B4 C (2450 K) lowered to ∼764 K
range with spherical-shaped and ∼495 K ranges with cylindrical shaped nanoparticles at ∼3 nm dia [35]. In the present
work, the melting temperature of GaN (2770 K) decreases
significantly when the particle dimensions are reduced to
the nanoscale and we got that an ∼3 nm diameter of GaN
spherical shaped particle melted at temperature ∼1747 K
range, but the same particle with an ∼3 nm diameter melted
at the temperature ∼1553 K range, since the particle shape is
considered in cylindrical shape.
3.2. Melting Point versus Inverse of the Radius of the Particle.
In Figures 5 and 6 there are two regions namely, logarithmic
increases at low values of radius and an exponential increase
at the higher values of radius. A linear figure (Figures 5 and 6)

γlb = 0.10 J/m2
1038.43
1179.55
1415.01
1515.48
1637.81
1728.71
1782.01
1810.98
1844.89
1879.41

γlb = 0.15 J/m2
1151.56
1317.61
1531.21
1643.95
1737.91
1813.45
1879.41
1916.99
1957.64
1989.08

γlb = 0.20 J/m2
1245.51
1446.46
1631.29
1750.56
1838.37
1923.12
1982.56
2017.07
2045.45
2073.83

between melting point and the inverse of the radius of the
particle is drawn.
3.3. Thickness of the Liquid Film versus Radius of the Particle.
From Figure 2 it can be seen clearly that with increased in
the radius of the supported nanoparticles, it increases up to
certain limit after which it is saturated. The melting temperature is a function of the particle radius evaluated from
the calculations and the analytical formulation reported in
Buﬀat and Borel [23]. In that, the calculation of latent
heat is a function of the particle radius, which is valid for
small particle with spherical shape, and it is the radius of
curvature varies according to the shape of the particle. The
obtained expression (9) because is for the corresponding
radius of curvature of the GaN solid cylindrical nanoparticle.
Similarly, the expression (16) obtained for the melting point
of GaN nanofilms is a function of radius of the particle.
Melting-point depression is most evident in nanowires,
nanotubes, and nanoparticles, which all melt at lower
temperatures than bulk amounts of the same material.
Changes in melting point occur because nanoscale materials
have a much larger surface-to-volume ratio than bulk materials, drastically altering their thermodynamic and thermal
properties. The decrease in melting temperature can be on
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Table 3: Comparative study of GaN film between spherical and cylindrical nanoparticle.
Tm (K)

Rs (nm)

S. no.

S
2.28
3.38
4.69
5.58
6.61
8.27
10.68
12.10
14.29
18.48

1
2
3
4
5
6
7
8
9
10

γlb =

C
2.23
3.52
4. 69
5.61
6.64
8.38
10.61
12.17
14.29
18.19

γlb =

0.05 J/m2

S
1085.07
1204.39
1480.29
1618.64
1747.07
1831.70
1892.44
1926.31
1959.76
2007.25

C
941.41
1057.22
1280.02
1433.81
1553.06
1634.36
1694.18
1725.63
1753.62
1791.21

γlb = 0.15 J/m2

0.10 J/m2

S
1203.18
1365.48
1615.33
1726.84
1851.97
1932.92
2000.64
2034.11
2071.26
2101.82

C
1038.43
1179.55
1415.01
1515.48
1637.81
1728.71
1782.01
1810.98
1844.89
1879.41

S
1321.29
1514.15
1747.07
1861.88
1966.78
2037.81
2122.06
2149.32
2186.48
2230.26

γlb = 0.20 J/m2

C
1151.56
1317.61
1531.21
1643.95
1737.91
1813.45
1879.41
1916.99
1957.64
1989.08

S
1443.12
1632.27
1841.65
1949.85
2051.33
2152.92
2216.63
2243.89
2270.73
2311.21

C
1245.51
1446.46
1631.29
1750.56
1838.37
1923.12
1982.56
2017.07
2045.45
2073.83

Note: C: cylindrical Nanoparticle/S: spherical Nanoparticle.
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Figure 5: Variation of the melting point of GaN with inverse of
radius of the particle in the spherical shape.

Figure 4: Comparative study of GaN film between spherical and
cylindrical nanoparticles.

2200

the order of tens to hundreds of degrees for metals with
nanometer dimensions [41–44]. Surface atoms bind in the
solid phase with less cohesive energy because they have
fewer neighboring atoms in close proximity compared to
atoms in the bulk of the solid. Each chemical bond an atom
shares with a neighboring atom provides cohesive energy, so
atoms with fewer bonds and neighboring atoms have lower
cohesive energy. The average cohesive energy per atom of a
nanoparticle has been theoretically calculated as a function
of particle size [45].
Atoms located at or near the surface of the nanoparticle
have reduced cohesive energy due to a reduced number of
cohesive bonds. An atom experiences an attractive force with
all nearby atoms according to the Lennard-Jones potentials
[46]. The cohesive energy of an atom is directly related to
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Figure 6: Variation of the melting point of GaN with inverse of
radius of the particle in the cylindrical shape.
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Figure 7: Variation of the thickness of the liquid film against radius
of GaN spherical particles.
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the thermal energy required to free the atom from the solid.
Since atoms near the surface have fewer bonds and reduced
cohesive energy, they require less energy to be free from
the solid phase. Melting point depression of high surfaceto-volume ratio materials results from this eﬀect [47]. The
liquid drop model (LDM) represents the binding energy
of a nanoparticle as a function of the free energies of the
volume and surface [46]. The liquid shell nucleation model
(LSN) predicts that a surface layer of atoms melts prior to
the bulk of the particle [48]. The melting temperature of a
nanoparticle is a function of its radius of curvature according
to the LSN. The bond-order-length-strength (BOLS) model
calculates the melting temperature for individual atoms from
the sum of their cohesive bonds. As a result, the BOLS
predicts the surface layers of a nanoparticle melt at lower
temperatures than the bulk of the nanoparticle [49]. The
lowered coordination number changes the equilibrium bond
length between atoms near the surface of the nanoparticle.
The integrated cohesive energy for surface atoms is much
lower than bulk atoms due to the reduced coordination
number and overall decrease in cohesive energy.
Nanoparticle shape impacts the melting point of a nanoparticle. Facets, edges, and deviations from a perfect sphere
all change the magnitude of melting point depression [46].
These shape changes aﬀect the surface-to-volume ratio,
which aﬀects the cohesive energy and thermal properties of a
nanostructure. The cohesive energy of nanocrystals, which
can be determined by experiment [50] and computed by
diﬀerent theoretical models such as the SE model [51], the BE
model [52], the Lennard-Jones potential model [53], Jiang’s
model [54], the liquid-drop model [55–57], and the bondOLS model [58, 59], is regarded as directly related to the
nature of the thermal stability of nanocrystals [60].
In observing the evolution of numerical thermodynamical model yields the calculated data, which is compared to the
melting point of spherical nanoparticle, the cylindrical nanoparticle has low melting point, since the surface area of
cylindrical nanoparticle (169.56 nm2 at ∼3 nm radius range)
is larger than the spherical (113.04 nm2 at ∼3 nm radius
range). The number of atoms present on the surface will have
only fewer neighboring atoms. Hence, on the larger surface,
the more number of atoms will have fewer neighboring
atoms in close proximity compared to atoms in the bulk of
the nanomaterial. Each chemical bond of an atom shared
with a neighboring atom provides cohesive energy, so atom
with fewer bonds and neighboring atoms have lower cohesive
energy; they require less energy to be free from the solid
phase. Hence, melting point depression of high surface
(cylindrical shape) is reduced more than the lower surface
(spherical shape) nanoparticles. It should be mentioned that
the radius of curvature with respect to the shape of the
nanoparticle and as the present work describes the melting
temperature eﬀect on the shape diﬀerence between the spherical nanoparticles and cylindrical nanoparticles. This same
property of GaN nanowires with triangular cross-section
has been studied using molecular dynamics simulation, in
that it was reported that the melting temperature of the
GaN nanowires increases with increasing cross-sectional
area to a saturation value [61]. The “approximately” is
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Figure 8: Variation of the thickness of the liquid film against radius
of GaN cylindrical particles.

stressed here due to the fact that some diﬀerent shape of
the nanoparticle may have diﬀerent radius of curvature
which decides the particle size. However, present calculation
shows that the present radius of curvature expression is
enough for predicting the shape-dependent size eﬀect on
the temperature of nanoparticle. This method could be used
to study the nanoparticles, and it can be experimentally
determined by measuring the particle shape with radius of
curvature, which is subjected to future experiments.
It is reported that the atomic radius of metallic nanoparticles contracts with decreasing their particle size, which
means that the atomic radius will change a little if the particle
size is small. The thickness of the liquid film against the
radius of the supported nanoparticle is also done for GaN
which has been given in the tabulation (Tables 4 and 5) and
in Figures 7 and 8.
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Table 4: The thickness of the liquid films is tabulated against the radius of the supported spherical nanoparticles.

S. no.

Rs (nm)

1
2
3
4
5
6
7
8
9
10

δ (nm)
γlb =

2.28
3.38
4.69
5.58
6.61
8.27
10.68
12.10
14.29
18.48

γlb =

0.05 J/m2

8.64
8.98
9.31
9.58
9.89
10.35
10.93
11.25
11.69
12.46

γlb = 0.15 J/m2
8.32
8.54
8.81
9.03
9.29
9.63
10.12
10.43
10.86
11.52

0.10 J/m2

8.51
8.78
9.08
9.31
9.61
10.01
10.53
10.84
11.29
11.97

γlb = 0.20 J/m2
8.09
8.26
8.51
8.71
8.94
9.32
9.77
10.02
10.41
11.08

Table 5: The thickness of the liquid films is tabulated against the radius of the supported cylindrical nanoparticles.
S. no.

Rs (nm)

1
2
3
4
5
6
7
8
9
10

2.23
3.52
4.69
5.61
6.64
8.38
10.61
12.17
14.29
18.19

δ (nm)
γlb = 0.10 J/m2
6.42
6.65
6.84
7.02
7.17
7.45
7.85
8.08
8.41
8.96

γlb = 0.05 J/m2
6.54
6.76
6.96
7.14
7.35
7.68
8.06
8.35
8.71
9.28

2

2

R
√ 2π

H

H

+

H

=
le
gth
ng
en
l
ha
c
x
t
li
pi
He
lix
He

H

C = 2πR

Figure 9

The regulation of nanotechnology has made a growing
debate related to the human health and safety risks associated
with nanotechnology [62]. An important property of the
material, the melting temperature of GaN, was predicted by
top-down approach through classical thermodynamics [63].
Hence, the phenomenon of size and shape eﬀect on melting
temperature of nanoparticles is utilized in nanotechnology
field. The expression for the size-dependent melting temperature of nanoparticles in present work is derived from their
size-dependent radius of curvature according to the shape of
the nanoparticles. It should be mentioned that, according to

γlb = 0.15 J/m2
6.33
6.54
6.71
6.85
7.02
7.31
7.62
7.85
8.17
8.64

γlb = 0.20 J/m2
6.22
6.41
6.56
6.66
6.83
7.07
7.38
7.58
7.87
8.31

the shape of the nanoparticles, the radius of curvature varies.
And it should be noted that the particle size-dependent
on its radius of curvature. Similar melting phenomena
have been reported for Au nanoparticles [19], and the
melting temperature of prism-shaped nanoparticles [26] and
especially for B4C nanoparticles [45] had been analyzed.
It has been argued that substrate-particle interaction plays
a significant role in the melting behavior of nanoparticles.
It has also been shown that the extrapolated bulk melting
temperature is lower than the experimental value. It has also
been noted by diﬀerent researchers that the bulk melting
temperature cannot be extrapolated from the nanoscale
results [64]. In our present work, we showed that the
melting temperature of GaN decreased when the size of the
nanoparticle reduced. Moreover this reduction is little more
in cylindrical nanoparticle when compared with spherical
nanoparticle.

4. Conclusion
The present exploration showed, the size- and shapedependent temperature of GaN nanoparticles, using the
numerical thermodynamical model, where spherical and
cylindrical shapes of the nanoparticle are considered with
respect to its radius of curvature. It is shown that the present
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results of the melting temperature of GaN nanoparticles
consistently decrease with the size of the nanoparticle. The
cylindrical GaN nanoparticles, whose melting point has been
decreased with decreasing particle radius, become larger than
spherical-shaped nanoparticle. Further, it is found that the
particle shape can aﬀect the melting temperature of nanoparticles, and this eﬀect on the melting temperature becomes
larger with decreasing particle size. Because melting temperature is a very important parameter, the model developed in
the present investigation may have potential applications in
the temperature-related phenomena of nanoparticles.

Appendix
The following formula for radius of curvature of a cylinder
(by Helix method) (see Figure 9):
Helix length = c ×
C = helix length ×


R∗ =
2πR =

helix length
= 2πR∗ ,
c


(2πR∗ )2 + H 2 × (2πR)2 + H 2
2π × 2πR


∗

c
,
helix length



(2πR∗ )2

R∗ =

+ H2

×

,

(A.1)

(2πR)2 + H 2
,
2πR

(π/2)2 R2 + (H/4)2
,
(π/2)2 R

where H: Height required for helix to complete one revolution about the cylinder, c: Circumference of cylinder, R:
Radius of cylinder, C: Circumference of baluster circle, R∗ :
Radius of curvature of cylinder.
By using the above expression, the radius of curvature of
solid cylindrical nanoparticle is obtained as


R∗s =





R 4γs2 π 2 + γb − γs − γsb

2 

.

4γs2 π 2

(A.2)

Similarly, the corresponding radius of curvature of the
nanoparticle with a liquid film surrounding the solid is
calculated to be


∗

Rl =





R 4γl2 π 2 + γb − γs − γlb
4γl2 π 2

2 

.

(A.3)

where γl is the free surface energy of the liquid-vapor
interface and is the interfacial energy between the liquid and
substrate.
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We report the processing of NaNbO3 nanopowder by combining the solid-state synthesis and subsequent milling in the agitator
bead mill. The eﬀect of diﬀerent rotation speeds of the agitator shaft on the comminution process was followed by laser
granulometry. The morphology and specific surface area of the powders were investigated by scanning electron microscopy and the
N2 adsorption method, respectively. With the optimized milling parameters, we obtained NaNbO3 nanoparticles with an average
size of 25 nm and a narrow particle size distribution. The result is comparable to other processing techniques, such as solutionbased chemical routes or mechanochemical synthesis; however, the presented method does not require any complicated processing
and it can be easily upscaled to yield large quantities of the NaNbO3 nanopowder. Furthermore, the compaction behaviour of the
obtained nanopowder was investigated, and a compaction-response diagram was constructed revealing good compactability of the
powder. The green compacts, isostatically pressed at 740 MPa, had a relative density of 70% and a narrow pore size distribution
with an average pore radius of 4 nm.

1. Introduction
Antiferroelectric materials have gained increased attention
due to their large energy storage capacity, required for highperformance capacitors [1], and a large volume change
accompanying the field-induced phase transition, which may
be used in high-strain actuator and transducer applications
[2]. Lead zirconate (PbZrO3 ) is a prototype antiferroelectric [3, 4]; however, due to increased environmental concerns [5], lead-free antiferroelectrics, such as sodium niobate (NaNbO3 ), are considered [6]. The phase transition
behaviour of NaNbO3 is quite complicated [7]. Beside the
temperature and electric-field-induced phase transitions,
size-induced phase transition phenomena have been recently
observed [8, 9]. In order to investigate the eﬀect of the particle/grain sizes on the polymorphism, and consequently on
the functional properties, dense NaNbO3 ceramics with a
wide grain size range should be prepared. A necessary condition for the preparation of ultrafine-grained ceramics is the
NaNbO3 nanopowder.

Nobre et al. prepared NaNbO3 nanoparticles by the
Pechini route and calcination of the precursor at 700◦ C for
5 h. The powder had the particle size of around 60 nm, as
determined by the Brunauer-Emmet-Teller (BET) method
[10]. Lanfredi et al. prepared the NaNbO3 nanoparticles
from the solution of an oxalatoniobium complex, sodium
nitrate, oxalic acid, and ammonium hydroxide. The particle
size of the powder, obtained by calcining the precursor at
900◦ C for 5 h, was 85 nm, as calculated from the X-ray
diﬀraction (XRD) data by the Sherrer equation. However,
some impurities could be observed in the XRD pattern [11].
In both studies, dense NaNbO3 ceramics were obtained after
sintering at lower temperatures than usually needed for the
solid-state synthesized powder, which was connected to the
small particle size and to a high concentration of defects,
such as oxygen vacancies. The latter were presumably created
due to the incomplete oxidation of organic precursors. In
2005, Pithan et al. introduced a microemulsion-mediated
hydrolytic decomposition of a mixed-alkoxide solution, followed by Soxhlet extraction, and subsequent calcining at

400◦ C to prepare the nanopowder with the particle size of
a few 10 nm as observed by scanning electron microscopy
(SEM) and the BET size of a few 100 nm [12].
Solution-based chemical routes, applied to prepare
NaNbO3 nanopowders, suﬀer various deficiencies, such as
complicated processing, small product yield, diﬃcult upscaling, and sometimes diﬃculties in a complete removal of
residual carbon. In addition, they typically require additional
calcination steps to obtain the crystalline product.
An alternative approach was introduced by Rojac et al.
who prepared the NaNbO3 nanopowder by mechanochemical synthesis [13]. After 40 h of high-energy milling of
Na2 CO3 and Nb2 O5 in a planetary mill, the product consisted of agglomerates of 100–300 nm in size, while the crystallites were in the range of 10–20 nm, as determined from
the transmission electron microscope images. The process
however introduced impurities in the powder due to wear
of the ZrO2 milling vial and balls.
The aim of the present work was to establish a simple
and eﬀective processing route for the preparation of NaNbO3
nanopowder by combining conventional and well established
ceramic processing techniques, such as the solid-state synthesis of submicron-sized powder [9] and subsequent eﬃcient
milling to nanorange in an agitator bead mill. The influences
of the milling time and diﬀerent rotation speeds of the
agitator shaft were followed by measurements of the particle
size and size distribution and specific surface area. The optimization of the process resulted in a successful preparation
of NaNbO3 nanopowder. Furthermore, the nanopowder was
isostatically pressed between 250 MPa and 740 MPa and its
compaction-response diagram was constructed.

2. Experimental Work
The NaNbO3 powder was prepared by solid-state synthesis from the high-purity Nb2 O5 (99.9%, Sigma-Aldrich,
Taufkirchen, Germany) and mechanically activated Na2 CO3
(anhydrous 99.9+%, Chempur, Karlsruhe, Germany). The
submicron-sized starting powders were mixed in a stoichiometric ratio and homogenized in a planetary mill (Fritsch
Pulverisette 4 Vario-Mill, Fritsch GmbH, Idar-Oberstein,
Germany) for 4 h, using a zirconia vial and balls, and acetone as the liquid medium (p. A., AppliChem, Darmstadt,
Germany). After drying, the powder mixture was pressed
into pellets and calcined twice in a closed alumina crucible
at 700◦ C for 4 h with intermediate milling. The product was
crushed in an agate mortar and milled in a planetary mill for
4 h, as described above. The particle size distributions of the
powders were determined from the area distribution, measured by a static light-scattering granulometer (Microtrac
S3500 Particle Size Analyzer, Montgomeryville, PA, USA).
The phase purity of the obtained powder was analysed by
a PANalytical X’Pert PRO MPD diﬀractometer equipped
with a graphite monochromator (Almelo, The Netherlands),
and the material was found to be single phase, since all
the peaks could be described with the crystallographic card
of the orthorhombic NaNbO3 (Figure 1) [14]. A detailed
description of the synthesis and phase analysis can be found
elsewhere [9].
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Figure 1: XRD pattern of the solid-state synthesis prepared
NaNbO3 (blue line). All the peaks could be described with the crystallographic card of the orthorhombic NaNbO3 (red tick marks).

For milling the NaNbO3 to nanorange, we used the MiniCer agitator bead mill (Netzsch Feinmahltechnik GmbH,
Selb, Germany), where the grinding medium is accelerated
in the chamber by an agitator shaft. Prior milling the assynthesized powder was dispersed in isopropyl alcohol (p.
A., AppliChem, Darmstadt, Germany) in an ultrasonic bath.
The suspension was fed through the grinding chamber by
a peristaltic hose pump (Verderlab, Haan, Germany), and
zirconia beads with a diameter of 0.5 mm (Tosoh Corporation, Tokyo, Japan) were used as the grinding medium.
The milling process was followed by the granulometer. The
particle size distributions are described with the 90% particle
size limit (d90 ), 50% particle size limit (d50 , median value),
and 10% particle size limit (d10 ).
The powder morphology was investigated by a field emission scanning electron microscope (FE-SEM JSM-7600F,
Jeol, Tokyo, Japan) with an operating voltage of 5 kV, while
the specific surface area was analysed using the N2 adsorption
BET method (NOVA 2200E, Quantachrome Instruments,
Boynton Beach, FL, USA). The BET equivalent particle
diameters were calculated by the following equation:
dBET =

ψA /ψV
,
SM · ρt

(1)

where SM is the specific surface area, ρt is the theoretical
density of NaNbO3 (4.55 g/cm3 [14]), and ψA /ψV is the shape
factor ratio, for which a value of 6 was assumed [15].
The compaction behaviour of the powders was studied
by uniaxial pressing the pellets with a pressure of 100 MPa
and subsequently isostatically with pressures ranging from
250 MPa to 740 MPa. The relative densities were calculated
from the dimensions and mass of the sample.
The pore size measurements of the compacted pellets
were performed using the N2 sorption equipment described
above. The samples were dried at 250◦ C for 4 h and subsequently degassed at 200◦ C for 2 h prior to the measurement. The pore size distributions were calculated from the
desorption curves using the method proposed by Barrett,
Joyner, and Halenda (BJH) [16].

Journal of Nanomaterials

3

1 μm

100 nm
(a)

12

100
80

8
60
6
40
4

Cumulative (%)

Frequency (%)

10

20

2
0
0.1

1
Particle size (μm)

0
10

(b)

Figure 2: The reference-NN powder prepared by the solid-state synthesis and milled in a planetary mill for 4 h: (a) FE-SEM images and (b)
particle size distribution, as measured by laser granulometry.

3. Results and Discussion
The FE-SEM images of the NaNbO3 powder, obtained after
the solid-state synthesis and subsequent milling in a planetary mill, are presented in Figure 2(a). This powder is furtheron denoted as “reference-NN.” The estimated primary particle size was around 200–300 nm; however, some agglomerates of around 400–700 nm could be observed. This was
confirmed by the granulometric measurement (Figure 2(b)),
with two maxima at around 150–200 nm and 400–500 nm,
attributed to the primary particles and to the agglomerates,
respectively. The milling in the planetary mill after the calcination obviously failed to break strong agglomerates, created
during the calcination process.
In order to prepare the NaNbO3 nanopowder, we milled
the reference-NN powder in the agitator bead mill. Diﬀerent
rotation speeds of the agitator shaft, that is, 1000 rpm,
1500 rpm, and 2000 rpm, were applied. The milled powders
are denoted as “nano-NN-1000,” “nano-NN-1500,” and
“nano-NN-2000,” respectively. The milling process was followed by measuring the particle size distributions by laser
granulometry which allowed a quick evaluation of the milling process, since the samples could be rapidly transported
in the form of a suspension directly from the mill to

the granulometer. The results of the milling process with
diﬀerent rotation speeds of the agitator shaft for times up to
75 min are presented in Figure 3. We observed a considerable
narrowing of the size distributions and a major decrease of
the d-values during the first 30 min of the milling process,
while the size reduction was much smaller with further
increase of the milling time. The milling process was stopped
after 75 min, since a further increase of the time did not
considerably reduce the particle size or in some cases even
resulted in increasing the d-values due to increased particle
agglomeration. This is partially observed for the nano-NN1000 in Figure 3. In addition, long milling times could cause
the wear of the zirconia beads and subsequent contamination
of the powder and should therefore be avoided. The optimal
conditions for the milling were identified to be the rotation
speed of 2000 rpm and the milling time of around 75 min.
The NaNbO3 nanopowders, milled for 75 min, were
investigated by FE-SEM (Figure 4). The primary particle size
was below 100 nm in all samples, and the images confirm the
decrease of the particle size with increased rotation speed.
In addition, some larger particles of around 200–400 nm
could be observed; however, it was not clear, if they were
agglomerates or particles. The amount of large particles
decreased with increasing rotation speed.
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Figure 3: The eﬀect of diﬀerent rotation speeds of the agitator shaft on the milling process of NaNbO3 powders: 1000 rpm (nano-NN-1000),
1500 rpm (nano-NN-1500), and 2000 rpm (nano-NN-2000).

The specific surface areas of the powders, milled for
75 min at diﬀerent rotation speeds, were measured by the N2
adsorption method. The results are summarized in Figure 5.
The reference-NN powder had the specific surface area of
5.81 m2 /g. After the 1000 rpm milling, the specific surface
area increased for about 6 times, while the milling with
2000 rpm resulted in nanopowder with an almost 10 times
larger specific surface area. In addition, the dBET primary
particle sizes, calculated by (1), are added to Figure 5. The
primary particle sizes decrease from 41 nm to 25 nm with
increasing rotation speed, which is in agreement with the
FE-SEM observations (Figure 4). The particle size of the
obtained nano-NN powders is within the ranges reported for
solution methods [10–12] and mechanochemical synthesis
[13].
The compaction behaviour of the reference-NN and the
nano-NN-2000 powders is presented in Figure 6 in the form

of a compaction-response diagram [17]. The curve of the
reference-NN has a constant slope throughout the whole
investigated isostatic pressure range between 250 MPa and
740 MPa, where the highest relative density of about 69% was
obtained. A diﬀerent compaction behaviour was observed in
the case of the nano-NN-2000 powder, where lower relative
densities were obtained in the lower pressure region up to
about 550 MPa; however, a steeper slope, revealing a better
compactability of this powder, resulted in higher relative
densities at pressures above 550 MPa, as compared to the
reference-NN powder. The interpolated value of around 64%
relative density at 450 MPa for the nano-NN-2000 powder
is comparable to the value reported for the compaction of
the solution-derived NaNbO3 nanopowder by Lanfredi et al.,
that is, 65% at a uniaxial pressure of 450 MPa [11]. However,
the authors reported that this relative density was the limiting
value, since the compaction rate at pressures above 320 MPa
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Figure 4: FE-SEM images of the nano-NN-1000 (a), nano-NN-1500 (b), and nano-NN-2000 (c) powders.

was very small. In our case, the limiting value seems to
be at higher pressures, since a considerable increase of the
relative density was observed with increasing the pressure up
to about 650 MPa, where a relative density of around 69.2%

was measured. The highest relative density of about 70.2%
was achieved at the pressure of 740 MPa.
The pore size and size distribution within the green
body are important parameters of the sintering process,
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important to note that both distributions were unimodal,
since only one peak was observed in each distribution up
to the detection limit of this method, which is at a pore
diameter of 400 nm [19]. This could indicate the absence
of agglomerates in these green samples; however, further
analysis should be performed to confirm this. The fracture
surfaces of the two samples, shown in Figure 8, reveal an
obvious particle size decrease obtained by eﬃcient bead
milling. A detailed study of the sintering behaviour of the
nanopowder is in progress.
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4. Summary
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Figure 6: The compaction-response diagram of the reference-NN
and nano-NN-2000 powders. Note that the dotted lines are a guide
for the eye only.

and, clearly, a uniform pore size distribution is a reflection
of a uniform packing of particles, which should promote
sintering and densification [18]. The pore size distributions
of the reference-NN and nano-NN-2000 green samples,
compacted with the pressure of 740 MPa, were determined
using the N2 desorption curves and are presented in Figure 7.
The average pore radius is reduced from about 24 nm to
about 4 nm, for the reference-NN and the nano-NN-2000
compacts, respectively. Moreover, a much narrower pore
size distribution was obtained in the latter case. It is also

NaNbO3 nanopowder was prepared by simple top-down
processing, combining the solid-state synthesis and subsequent bead milling. The milling process was optimized to
yield nanoparticles with the average size of around 25 nm,
which is comparable to the particle sizes obtained by solution-based chemical routes or mechanochemical synthesis.
The proposed approach does not require any expensive reactants or high-energy milling and, as it is easily upscaled, it
could yield a large quantity of the NaNbO3 nanopowder. The
compaction behaviour of the nanopowder was investigated
in order to establish a suitable starting point for further
research of the sintering process. The NaNbO3 nanopowder exhibited a better compactability than the submicron
NaNbO3 powder, with an about six times lower average pore
radius, and a narrower pore size distribution in the green
samples.
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The size and shape dependence of dynamic behaviors of nanomagnets is studied by the kinetic Monte Carlo method based on the
transition state theory. We analyze the hysteresis curves of the nanomagnet systems with diﬀerent shapes (or spin array patterns)
in the presence of an external magnetic field. The results show that the magnetization of the chain-shaped nanomagnet is more
sensitive to the applied field than that of the oblong-shaped or bulk-shaped systems. For the same magnetic nanostructure, the
coercive field presents an exponential decay with temperature. Moreover, the coercive field is found to be strongly dependent on
the eﬀective coordination number, which has diﬀerent values corresponding to those systems of diﬀerent size and shapes (spin
array patterns).

1. Introduction
The need for the increase of data-recording densities in the
magnetic recording technique has driven the size of magnetic
particles used down into the nanometer range [1, 2]. As the
dimensions of magnetic materials decrease from the bulk
size down to the nanometer scale, the magnetic properties
will undergo a dramatic transition. The magnetism depends
strongly on the shape and size of magnetic nanostructures
[3–10]. It was well known that the continual decrease of the
size of the magnetic nanoparticles will lead to the emergence
of the superparamagnetic limit, below which the random
magnetization reversal in particles will frequently occur,
and consequently degrade the recorded information. On the
other hand, an experimental study showed that the superparamagnetic limit of out-of-plane magnetized particles is
strongly shape dependent, for example, oblong particles
switch much more often than compact, almost circular particles of equal volume [9]. The superparamagnetic limit is a
key factor in the magnetic recording industry, and it directly

determines the maximum achievable recording density. In
order to extend the physical understanding of the superparamagnetic limit, it is essential to obtain a complete view
of magnetic properties of nanomagnets through theoretical
studies as well as experimental investigations [11–13].
In the present work, with the kinetic Monte Carlo method based on the transition state theory we study the dynamic
behavior of magnetization reversal in the chain-shaped,
oblong-shaped, and bulk-shaped nanomagnets with giant
uniaxial anisotropy under the action of an external field at
diﬀerent temperatures. The aim of the work is first to provide
a systematic understanding of the influence of shape on the
magnetization reversal behavior and second to discuss the
changes in coercive field with various spin array patterns
of the system. Our study shows that magnetization reversal
is much easier to occur in finite chain than in the oblongshaped and bulk-shaped systems. This indicates that the
magnetization of the elongated particles is more sensitive
to the applied field than that of the compact particles.
Furthermore, it is found that the coercive field and magnetic
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order transition temperature in nanomagnets are strongly
dependent on the eﬀective coordination number.

2. Model and Method
Consider the nanomagnets of size N = Lx × L y × Lz , where
Lx =
/ 1, L y = Lz = 1 reduces to a one-dimensional magnetic
chain, Lx =
/ 1, L y =
/ 1, Lz = 1 indicates a two-dimensional
oblong-shaped system, and Lx =
/ 1, L y =
/ 1, Lz =
/ 1 is a threedimensional bulk-shaped system while the values of Lx , L y ,
and Lz are finite. In this paper the uniaxial axis of the system
is labelled by the ±z direction and the single-ion anisotropy
energy has a large value. An external magnetic field is applied
along the easy axis. We use a Heisenberg model with an
extremely large uniaxial magnetic anisotropy to describe the
magnetic properties of the system. The Hamiltonian of the
system can be written as
H = −J



Si · S j − ku

i j 


i

Si,z

2

−H·


i

Si ,

(1)

where Si is the normalized spin variable at site i. In the first
term, the sum runs over all the nearest-neighbor spin pairs
with J being ferromagnetic exchange coupling constant. The
second term denotes the uniaxial anisotropy energy with ku
being the single-ion anisotropy constant. The last term is the
coupling of spin magnetic moment to the applied field H,
that is, Zeeman energy. The magnetization of the system is

defined as m = (1/N) Ni=1 Si , where N is the total number
of all spin sites and · · ·  denotes the thermodynamical
average.
Owing to the fact that each atom has a large magnetic
anisotropy, two metastable states of a spin will prefer to
orient along the easy axis. The spin variable Si can reduce
to the si , which takes values +1 and −1, corresponding to
the spin orientation in +z and −z direction, respectively.
We use an angle θi to describe the angular deviation of the
spin at site i between its current state and its initial state.
A transition state begins at θi = 0(cos θi = 1) and ends at
θi = π(cos θi = −1). From the Hamiltonian (1), a nonzero θi
will produce an energy increment
ei = ku sin2 θ − hi (cos θi − 1),


(2)

where hi = (J j s j + μH)si . The energy increment yields a
transition-state barrier, ΔEi = (2ku + hi )2 /4ku at cos θi =
hi /2ku when 2ku > |hi | [14–16]. The reversal rate of the
spin can be expressed as the Arrhenius law [17] R = R0
exp(−ΔEi /kB T), where kB is Boltzmann constant and T is
temperature. For 2ku ≤ |hi |, the transition state barriers
disappear for some spin reversal processes where we use the
Glauber method [18] to treat the exponential factor of the
rates, with the prefactor being kept [14]. The expression of
the rate implies that our spin processes are thermal activated.
This scheme is justified for our simulation because dipolar
interactions can be ignored [6, 19] and quantum tunnelling
comes into action at very low temperature only [20].
By the kinetic Monte Carlo method, we carry out simulation on the magnetization responses to the applied field

for the systems with chain, oblong, and bulk shape. The
simulation uses a single-spin flip algorithm under free
boundary conditions. Starting from an initial state with all
spins si = −1, we computed the local field for a randomly
chosen spin and flipped the spin state according to the
transition rates mentioned above. The spin flip may change
the local field of the neighboring spins, thereby aﬀecting the
stability of other spins. The local fields of other spins are
computed again and another spin is flipped. To reduce error
each data point is averaged over at least 500 independent
runs.
In our simulation, the exchange interaction between the
nearest-neighbor spins is taken as J = 7 meV, and the
anisotropy energy is ku = 0.3J = 2.1 meV/spin. Here, it is
worth noting that the experimental studies have revealed
that the magnetic anisotropy energy per Co atom can reach
2.0 meV in one-dimensional Co chains on Pt(997) surface
[21], and the magnetic anisotropy energy per Fe atom is up
to 1.6 meV in FePt nanoparticles embedded in Al [22]. The
larger the magnetic anisotropy energy, the smaller the critical
particle size for stable magnetization at room temperature.
So the nanomagnets with a giant magnetic anisotropy energy
have been considered as the prime candidate for future data
storage media application. The magnetic parameters such as
J and ku remain unchanged for all systems unless specified
otherwise. The magnetic field sweeping rate is taken as
132 T/s. We sweep the magnetic field, starting from a strong
field H = −H0 , at which all spin magnetic moments are
aligned along the −z direction. The field strength is then
gradually increased in increments of ΔH to +H0 , followed
by a decrease back to −H0 . Thus, a magnetic field sweeping
cycle is completed.

3. Results and Discussions
Figure 1 shows the magnetization curves of chain-shaped
and oblong-shaped systems with fixed atoms and varying
arrays, that is, 40 × 1, 20 × 2, 10 × 4, 8 × 5, at 10, 16, and 25 K.
Clearly, the results from the chain Lx × L y = 40 × 1, that
is, the mostly inner hysteresis curves, are very diﬀerent from
those of oblong-shaped arrays. At a fixed temperature, the
magnetization of spin arrays with a larger length-to-width
ratio, that is, η = Lx /L y , is more sensitive to the applied
field so that the value of the coercive field of elongated arrays
is smaller than that of nearly square-shaped arrays. On the
other hand, the diﬀerence between the magnetization curves
for diﬀerent spin arrays changes with temperature.
In Figure 2, we plot the variation of the coercive field
with temperature for spin arrays 40 × 1, 20 × 2, 10 × 4, 8 × 5.
It is clear that the crossover temperature for chain-shaped
arrays is smaller than that of the oblong-shaped arrays. The
relationship between the coercive field and temperature can
be described by a fit function
 

Hc = H0 exp −

T
T0

g

,

(3)

where Hc and T represent the coercive field and temperature
and H0 , T0 , and g are fit parameters whose values are shown
in Table 1.
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Figure 1: The magnetization responses to the applied field for chain-shaped arrays Lx × L y = 40 × 1 and oblong-shaped arrays 20 × 2, 10 ×
4, 8 × 5 at (a) T = 10 K, (b) T = 16 K, and (c) T = 25 K.

Table 1: Parameters corresponding to the fit curves in Figure 2.
Lx × L y
40 × 1
20 × 2
10 × 4
8×5

H0 (T)
25.9561
53.1599
40.2432
43.6804

T0 (K)
7.27
13.1625
25.4633
25.0683

g
2.0896
1.8299
1.6579
1.3370

In addition, we further study the magnetization reversal
properties for nanomagnets of chain shape and oblong shape
including 60, 80, and 120 atoms. In Table 2, we give various
spin arrays of N = 40, 60, 80, and 120 atoms, their lengthto-width ratio η, their coercive fields Hc (T) at T = 25 K, and
standard deviations of the coercive fields. We can see that
the coercive fields have a decreasing tendency with increasing
η for arrays with a fixed width and varying length. This
implies that the elongated particles switch more easily than
the nearly square-shaped particles, which is in agreement
with the results from the literature [9]. Additionally, for the
system with a fixed number of total spins, the coercive field
of the compact-shaped array is large compared with that

of the oblong-shaped array, but the coercive field exhibits
a nonmonotonic increase with η decreasing, as shown in
Table 2. We think that the slight decrease of the coercive field
with η should be induced by standard deviations, which are
given in Table 2.
In order to gain a systematical understanding of the
eﬀects of the shape (or spin array pattern) of nanomagnets
on the magnetization reversal, we also study the magnetic
properties of bulk-shaped systems with various spin arrays
Lx × L y × Lz = 30 × 2 × 2, 20 × 3 × 2, 15 × 4 × 2, 5 × 12 ×
2, 6 × 10 × 2, 10 × 4 × 3, 5 × 8 × 3, 5 × 4 × 6. Bringing together
the results from the chain-shaped, oblong-shaped, and bulkshaped systems, we found that at a fixed temperature the
coercive field is closely dependent on the shape (or spin
array pattern) of the system. The dependence relation can be
explained in the following way. For the systems comprising
of the same atoms, the transitions both from chain to oblong
shape and from oblong to bulk shape lead to an increase
in the number of eﬀective nearest neighbors for each spin,
which in turn raises the coercive field. Here, the number of
eﬀective nearest neighbors per spin, also called the eﬀective
coordination number Zeﬀ , is defined as twice the ratio of
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Figure 2: The coercive field versus temperature for Lx × L y = 40 ×
1, 20 × 2, 10 × 4, 8 × 5, in which the solid lines represent fits to data
by (3). The corresponding fit parameters are listed in Table 1 (see
text).
Table 2: The various chain-shaped and oblong-shaped spin arrays,
their ratio of length to width η, the coercive field at T = 25 K, and
standard deviations of the coercive field.
η
40
10
2.5
1.6
60
15
6.666
3.75
2.4
1.6667
80
20
5
3.2
1.25
120
30
13.33
7.5
4.8
3.33
1.875
1.2

6
4

4.2

4.4

4.6

4.8

Zeﬀ

Lx × L y
40 × 1
20 × 2

Lx × L y
40 × 1
20 × 2
10 × 4
8×5
60 × 1
30 × 2
20 × 3
15 × 4
12 × 5
10 × 6
80 × 1
40 × 2
20 × 4
16 × 5
10 × 8
120 × 1
60 × 2
40 × 3
30 × 4
24 × 5
20 × 6
15 × 8
12 × 10

24

Hc (T)
0
2.05745
15.27256
16.06252
0
2.97262
10.76375
15.17215
15.97444
15.61092
0
3.16916
15.40603
16.61719
15.46548
0
3.68
10.1
16.1
17.1
16.05
15.46
15.49

Standard deviation (T)
0
0.15
0.6
0.3788
0
0.5
0.7
0.6
0.6884
0.745
0
0.88
0.8985
0.9339
0.7772
0
0.8
0.8
0.9
0.95
0.6
0.9
0.85

the number of total bonds to the number of total spins in the
system. Hence, the values of Zeﬀ are not more than 2, 4, and

J = 7 meV
J = 3 meV

Figure 3: The Zeﬀ dependence of the coercive field for the bulkshaped system of Lx × L y × Lz = 30 × 2 × 2, 20 × 3 × 2, 15 × 4 × 2, 5 ×
12 × 2, 6 × 10 × 2, 10 × 4 × 3, 5 × 8 × 3, 5 × 4 × 6 with J = 7 meV
and J = 3 meV at T = 25 K. The solid lines are fits to data by (4), as
discussed in the text.

6 in chain-shaped, oblong-shaped, and bulk-shaped systems.
For bulk-shaped systems, if we treat those spins having the
largest coordination number as the inner spins (or interior
atoms) and other spins as outer spins (or surface atoms),
Zeﬀ is in some sense analogous but inversely proportional
to the surface-to-volume ratio of nanomagnets [11]. Taking
N = 120 for example, in Table 3 we display the values of
Zeﬀ for various spin array patterns corresponding to chainshaped, oblong-shaped, and bulk-shaped systems.
In Figure 3 we show the coercive field as a function of Zeﬀ
for bulk-shaped arrays Lx × L y × Lz = 30 × 2 × 2, 20 × 3 × 2, 15 ×
4 × 2, 5 × 12 × 2, 6 × 10 × 2, 10 × 4 × 3, 5 × 8 × 3, 5 × 4 × 6 of N =
120 in the cases of J = 7 meV and J = 3 meV at 25 K. The
anisotropy energy remains unchanged in both cases. From
Figure 3 it follows that the coercive field increases with Zeﬀ
and becomes small for relatively small exchange interaction
J. The Zeﬀ dependence of Hc can be described by the function
expression


Hc = Hc0 exp −

Zeﬀ
Zeﬀ0

λ

,

(4)

where Hc0 and Zeﬀ0 represent the fit parameters and λ is
a minus power exponent. We also find that the relation
between the coercive field and Zeﬀ is also true for those
systems with larger anisotropy or smaller exchange coupling.
The coercive field increases with increasing the anisotropy
energy, but when the anisotropy energy increases to the
extent to which the transition between two metastable states
involves transition states with barriers only, the influence of
Zeﬀ on the coercive field becomes small.
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Table 3: The Zeﬀ for chain-shaped, oblong-shaped, and bulk-shaped systems.

Lx
Zeﬀ
Lx × L y
Zeﬀ
Lx × L y × Lz
Zeﬀ

120
1.9834
60 × 2
2.9666
30 × 2 × 2
3.9334

40 × 3
3.2834
20 × 3 × 2
4.2334

30 × 4
3.4334
15 × 4 × 2
4.3666

24 × 5
3.5186
5 × 12 × 2
4.4334

15 × 8
3.6166
10 × 4 × 3
4.6334

12 × 10
3.6334
5×8×3
4.6834

5×4×6
4.7666

20

fields are found to be strongly dependent on the size and
shape (or spin array patterns) of the nanomagnets. The
magnetization of the elongated array is more sensitive to the
applied field than the nearly square-shaped arrays and bulkshaped arrays. We propose that the coercive field is closely
associated with the number of eﬀective nearest neighbors
for each spin (or eﬀective coordination number), which has
diﬀerent values corresponding to diﬀerent systems such as
chain-shaped, oblong-shaped, and bulk-shaped systems.
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Figure 4: The coercive field as a function of Zeﬀ at 25 K for chainshaped, oblong-shaped, and bulk-shaped systems including equal
atoms N = 120 with J = 7 meV. The values of Zeﬀ are shown in
Table 3. The solid line is fit to data by (4), as discussed in the text.

For the purpose of comparison, in Figure 4 we display the
coercive field as a function of Zeﬀ for chain-shaped, oblongshaped, and bulk-shaped systems containing the same atoms
N = 120 with J = 7 meV. The solid line is fit to data by
(4). The values of Zeﬀ correspond to those of Table 3. It
can be seen that the coercive field tends to increase with
Zeﬀ increasing. This indicates that the coercivity or the
magnetic order transition temperature of nanomagnets is
closely related to the eﬀective coordination number.
For the case of bulk-shaped nanomagnets, our simulated
results are qualitatively consistent with the experimental ones
[10], where the order-disorder transition temperature of
oblong nanoparticles (with 4 and 1.5 nm for the size and
the thickness) was found to be lower than that of spherical
nanoparticles (with 3 nm for the size). Besides, our results
are also in qualitative agreement with the theoretical ones,
where the order transition temperature decreases with the
increase of surface-to-volume ratio for nanodots, rod, plate,
and icosahedra [11].

4. Conclusions
In conclusion, we have investigated the size and shape dependence of magnetic dynamic behaviors in chain-shaped,
oblong-shaped, and bulk-shaped nanomagnets. The coercive
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50901027).
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Metal-ion- (Ag, Co, Ni and Pd) doped titania nanocatalysts were successfully deposited on glass slides by layer-by-layer (LbL) selfassembly technique using a poly(styrene sulfonate sodium salt) (PSS) and poly(allylamine hydrochloride) (PAH) polyelectrolyte
system. Solid diﬀuse reflectance (SDR) studies showed a linear increase in absorbance at 416 nm with increase in the number of mTiO2 thin films. The LbL assembled thin films were tested for their photocatalytic activity through the degradation of Rhodamine
B under visible-light illumination. From the scanning electron microscope (SEM), the thin films had a porous morphology
and the atomic force microscope (AFM) studies showed “rough” surfaces. The porous and rough surface morphology resulted
in high surface areas hence the high photocatalytic degradation (up to 97% over a 6.5 h irradiation period) using visible-light
observed. Increasing the number of multilayers deposited on the glass slides resulted in increased film thickness and an increased
rate of photodegradation due to increase in the availability of more nanocatalysts (more sites for photodegradation). The LbL
assembled thin films had strong adhesion properties which made them highly stable thus displaying the same eﬃciencies after five
(5) reusability cycles.

1. Introduction
Photocatalytic reaction-based processes are becoming more
attractive to industry because they provide an alternative
avenue for the decomposition of environmental pollutants.
Growth in industrial development can be directly linked to
the emergence of toxic pollutants which are deposited into
aqueous streams [1, 2]. Among the semiconductor catalysts,
TiO2 (titanium dioxide or titania) is close to the ideal
benchmark in environmental photocatalytic applications
because of its outstanding chemical and biological stability,
abundance, high oxidative power and, it is comparably less
expensive [3–9].
Although the use of TiO2 in suspension form is more
feasible due to its large surface area, there are four major
technical challenges that restrict large-scale application of

titania. Firstly, it has a relatively wide band gap (∼3.2 eV,
which falls in the UV range of the solar spectrum); therefore,
it has minimal absorption of visible light and is unable
to harness visible light hence ruling out sunlight as the
energy source of photoactivation [7, 8, 10–14]. Secondly, it
has low quantum eﬃciency due to the low rate of electron
transfer to oxygen resulting in a high recombination of the
photo generated electron-hole pairs [5, 7, 10]. Therefore,
the eﬀective utilisation of visible light for photocatalytic
processes has become the ultimate goal. To achieve this,
various methods like substitutional doping (N.C, F, etc.), dye
sensitizing, using narrow band-gap quantum dots, binary
oxides, and noble and transition metal nanoparticles have
been developed [15, 16]. Also, the photoactivity of TiO2
nanoparticles has been tailored by exposing the {001} facets
which are very active [17]. Although these facets are very
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active, they easily diminish crystal during nucleation and
growth due to that they possess a high surface [17, 18].
Doping metals into the TiO2 lattice is an eﬀective strategy to
reduce the band gap and shift the absorption edge towards
visible-light region as they create energy states within the
band gap by providing a “cushion” on the valence band
(the donor level), resulting in a “decrease” in the band gap
and also by acting as electron scavengers hence resulting in
increased photocatalysis [7, 19–25]. However, it is imperative
to take into consideration the amount of the dopant (metal)
when preparing doped titania because when the dopant
level surpasses the optimal limit, which usually lies at a
very low dopant concentration (∼0.4%), the metal ions act
as recombination centres resulting in reduced photoactivity
[23, 26]. Thirdly, when used in a suspension, titanium
dioxide aggregates rapidly due to its small size (4–30 nm)
suspended particles may scatter the light beam thus reducing
its catalytic eﬃciency [8, 27, 28]. Lastly, the application of
powdered TiO2 catalysts requires posttreatment separation
to recover the catalyst which is normally diﬃcult, energy
consuming, and economically not viable [1, 5, 8, 27, 29].
These technical challenges have led to more research
activities on the fabrication of diﬀerent types of titania thin
films [6, 8, 9, 30–33]. Generally, thin films are known to be
chemically stable and possess a high dielectric constant, a
high refractive index, and excellent transmittance [9]. The
most common methods for synthesising thin films include
among others chemical vapour deposition (CVD), spray
pyrolysis, dip coating, spin coating, liquid-phase deposition
(LPD), ion-assisted deposition, arc-ion planting, sputtering,
and sol-gel [11, 19, 32, 34–39]. However, these methods
have some drawbacks. For example, although the sol-gel
technique is the most widely used method, its disadvantage
is the diﬃculty to control film thickness. The CVD method
requires high temperatures while cracking and peeling oﬀ of
the catalyst layer is usually observed due to poor adherence
of the photocatalyst on the support [1, 8], and LPD requires
special raw materials [38], hence they are not suitable for
industrial applications.
In our laboratories we have used an alternative thin
film synthesis method, layer-by-layer (LbL) self-assembly
technique, to synthesise TiO2 thin films of high quality
[1]. The LbL technique can be used to deposit diﬀerent types of materials on various substrates with good
control of the thickness of the materials deposited on
the substrate at nanometer-scale precision [1, 40–42]. The
technique allows for alternate layer-by-layer growth of films
through adsorption of polycation and polyanion monolayers
from their aqueous solutions. The ionic attraction between
opposite charges is the driving force for the multilayer
buildup [40, 43–45]. This approach has been found to be
a more economic alternative method compared to other
methods for the direct preparation of thin films because
it is simple, cheap, deposition occurs at low temperatures
(room temperature), ease of control of film thickness (from
nanometers to micrometers), and does not require complex
equipment to execute [42, 44, 46, 47].
Layer-by-layer synthesised thin films have found applications, in a variety of scientific applications, and these include
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biosensors, controlled drug delivery, surface coatings, and
environmental applications in the degradation of toxic
pollutants [8, 44, 48–52]. TiO2 nanoparticles have also been
successfully assembled on substrates using electrolytic polymers resulting in improved photocatalytic performances [1,
36, 53, 54]. These photocatalytic processes were performed
under UV irradiation. However, most research activities in
semiconductor photocatalysis focus on the development of
a system that employs natural solar energy to degrade toxic
pollutants in an aqueous medium. To achieve this, we have
synthesised metal-ion- (Ag-, Co-, Ni-, and Pd-) doped titania
thin films through the LbL self-assembly technique. Pd is
highly reactive, and Ni is almost the same size as Ti. Pd and Ni
are also abundant in South Africa hence are readily available
and inexpensive. Ag and Co were used for comparative
purposes. Metal-ion-doped TiO2 (m-TiO2 ) thin films have
been previously synthesised using either sol-gel, liquid-phase
deposition or colloidal sol techniques [5, 7, 10, 19, 28]
but not using the layer-by-layer self-assembly deposition.
To the best of our knowledge, the application of the LbL
technique and the polyelectrolyte system used to immobilise
the catalysts as described in this study has not been reported
in the literature.
The photocatalytic eﬃciencies of these metal-ion-doped
titania thin films were determined by the degradation of
Rhodamine B, a xanthene group dye, under visible light.
Rhodamine B (Rh B) was chosen because it is one of the
major pollutants found in the textile and photographic
industry eﬄuents [55, 56]. Furthermore, it is estimated that
approximately 1 to 20% of the total world produce of dyes
is lost to the environment during synthesis and dyeing processes. These textile eﬄuents are an environmental burden
as they contain large amounts of azoic, anthraquinonic, and
heteropolyaromatic dyes [55]. The discharge of these highly
pigmented synthetic dyes to the ecosystem causes aesthetic
pollution, eutrophication, and perturbations of aquatic life.
Therefore, in this study we have used Rhodamine B as a
model pollutant.
In this paper, we report on the photodegradation of
Rhodamine B by poly(styrene sulfonate/metal-ion-doped
titania (PSS/m-TiO2 )) multilayer thin films. The presence
of the metals on the titania lattice shifts the absorption
edge of titania to the visible-light region while the thin
films eliminate the problems of suspension aggregation and
posttreatment. The value-add of this work is the development of a system that can be potentially used in daylight
to degrade pollutants in an aqueous media without leaving
residual nanoparticles in the treated media. Poly(styrene
sulfonate) was chosen because it is a strong polyelectrolyte
that is negatively charged at all pH values. To study the cost
eﬀectiveness and sustainability of the prepared thin films,
catalyst reusability studies were also performed.

2. Experimental
2.1. Materials and Methods. A Model Orion 5 star digital
pH (Thermo Electron Corporation, USA) was used for
determining the pH of the solutions. HCl or NaOH (1 M)
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was used to adjust the pH of the prepared solutions.
Microscopic glass slides (25.4 × 63.5 mm) were used as
catalyst substrates. Poly(styrene sulfonate) (PSS, MW =
70 000 g/mol) and poly(allylamine hydrochloride) (PAH,
MW = 70 000 g/mol) were purchased from Sigma-Aldrich
(USA). Metal-ion-doped TiO2 nanoparticles were synthesised by modifying a sol-gel method reported by Zhu et al.
[57]. Titanium (IV), tetraisopropoxide (TTIP) (99%), and
NiNO3 were bought from Sigma-Aldrich (Germany) and
used without further purification. Formic acid (98%) was
purchased at Merck, and AR grade n-propanol was sourced
from SD’s Fine Chemicals (Pty) Ltd. and was distilled
before usage. PdCl2 and Rhodamine B were supplied by
Finar Chemicals (Mumbai, India), AgNO3 was procured
from Associated Chemicals Enterprises (Pty) Ltd., whereas
Co(NO3 )2 was sourced from Hopkins and Williams Ltd.,
Essex, UK.
2.1.1. Synthesis of Catalysts. Titanium (IV) tetraisopropoxide (10 mL, 0.334 mol) was dissolved in propanol (48 mL,
0.642 mol), and the reaction mixture was stirred for 20 min.
The metal salt AgNO3 (0.4%) was dissolved in water (5 mL)
while the other salts (PdCl2 , Co(NO3 )2 , and NiNO3 ) (0.4%)
were dissolved in n-propanol (5 mL) and were added dropwise to the reaction mixture of TTIP and propanol. Formic
acid (13 mL, 0.535 mol) was gradually added while stirring
gently. After stirring the reaction mixture for a further
20 min, a precipitate (metal-ion-doped titanium hydroxide)
was gradually formed. The precipitated solution was stirred
for a further 2 h period, aged at room temperature for
another 2 h, and filtered. The filtered residue was then
repeatedly washed with copious amounts of propanol and
deionised water; thereafter, it was dried overnight in an oven
at 80◦ C. The precipitate was then ground into fine powder
using a mortar and pestle and then calcined at 450◦ C for 6 hrs
at a heating rate of 2◦ min−1 to obtain nanosized metal iondoped TiO2 photocatalysts. All experiments were carried out
at room temperature.
2.1.2. LbL Thin Film Synthesis. The thin films were immobilised on glass slides using the method described by Decher
et al. [41]. The glass slides were cleaned by first sonicating for
10 min in a 2 : 1 (v/v) ratio of isopropanol and water followed
by rinsing with deionised water. Poly(allylamine hydrochloride), and poly(styrene sulfonate) solutions (1 g L−1 ) were
prepared using deionised water, and the pH of the solutions
was adjusted to 2.5. The pH of the water used for rinsing
was also adjusted to the same pH. A metal-ion-doped TiO2
colloidal suspension was made in deionised water, and its
pH was adjusted to that of the electrolyte solutions for
the deposition of the thin films by the LbL technique.
Polyelectrolyte solutions (PELs, 100 mg L−1 ) and metal-iondoped TiO2 colloidal suspensions of 4 g L−1 concentration,
that is, 0.4% wt were prepared in deionised water and
deposited on both sides of the glass slides. Based on the
isoelectric point of TiO2 (6.6), TiO2 is positive and stable at
pH 2.5, and PSS is negative at all pH values while PAH is
positive below pH = 4. Before deposition of the films on
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the substrates, the charge (on the substrates) was reversed
(positive) by the deposition of a PAH monolayer. Thereafter,
alternate layers of PSS and m-TiO2 were deposited with mTiO2 being the last layer to be deposited in all instances.
2.2. Characterisation
2.2.1. UV-Visible Diﬀuse Reflectance Spectroscopy. The
absorbance spectra of the prepared PSS/m-TiO2 were
obtained from a T60U spectrophotometer (PG Instruments
Ltd., London, UK) and were recorded from 600 nm to
300 nm range. Since the film deposition was on both sides of
the slide, the absorbance reported is also for the two sides of
the glass slide.
2.2.2. SEM and EDX Analysis. A field emission microscope
(FEI SIRION SEM, Eindhoven, The Netherlands) was used
to analyse and visualise the quality and morphology of the
synthesised thin films. The extent of LbL thin film deposition
was also studied by the scanning electron microscope. The
thin films were coated with gold prior to analysis. The SEM
was coupled with an EDX detector in order to confirm the
elemental composition of the thin films.
2.2.3. AFM Analysis. A Nanosurf EasyScan 2 (Switzerland),
atomic force microscope (AFM) was employed to view the
topography of the thin films. The AFM was also used to verify
the eﬀectiveness of the LbL technique on the deposition of
thin films. The AFM was operated in the contact mode with
the cantilever being in contact with the thin film surface.
2.3. Visible-Light Degradation Studies
2.3.1. Visible-Light Degradation. The ability of the thin films
to degrade Rhodamine B under visible light was studied
using a high-pressure powerball HCI-T 70W/NDL mercury
vapour lamp with a maximum wavelength range of 410–
460 nm (Osram, Germany). The photocatalytic degradation
experiments were carried out in a photoreactor chamber.
The photoreactor was set up and enclosed in a wooden
box. It had a jacketed quartz tube with dimensions of
3.4 cm (inner diameter), 4 cm (outer diameter), and 21 cm
(length). A submersible water pump was used to propel and
circulate water through the quartz tube to avoid heating up
of the photodegradation chamber due to the visible-light
irradiation. The immobilised catalysts were placed in the
dye solution, and the solution was continuously stirred with
a magnetic stirrer. The stirring ensured a continuous flow
of the solution over the catalysts during the photocatalytic
experiments and hence promote the degradation process.
2.3.2. UV-Vis (Quantification) and Kinetics. The photocatalytic activity of the PSS/m-TiO2 nanophotocatalysts was
studied using Rhodamine B dye (100 mL, 10 mg L−1 ). The
red dye was poured into a beaker, placed in the photoreactor,
and the solution was stirred using a magnetic stirrer for
30 min prior to irradiation with visible light to obtain a
catalyst/dye adsorption-desorption equilibrium. Aliquots of

2.3.3. Catalyst Reusability. The importance of catalyst
reusability is important when considering cost and economic
implications. To study the reusability of the m-TiO2 thin
films, the degraded dye solution was removed after the first
cycle, without removing the catalyst. A fresh solution of the
dye was poured into the beaker, and the irradiation was
started. This procedure was repeated over five (5) cycles
for 6.5 h, and the solution was analysed after each cycle to
determine the extent of degradation by the recycled catalysts.

3. Results and Discussions
3.1. UV-Visible Diﬀuse Reflectance Spectroscopy. Figure 1
shows the UV-Visible solid diﬀuse reflectance (SDR) spectra
of the thin films. For the SDR measurements, 1, 3, 5,
and 10 m-TiO2 layers were each deposited on glass slides.
Poly(allylamine hydrochloride) was the initial layer followed
by alternate layers of PSS and m-TiO2 , respectively. Glass
absorbs UV light, but it gives specious peaks below 300 nm,
thus, a wavelength of 300 nm to 600 nm was chosen. The
maximum UV absorbance of metal-ion-doped titania is
416 nm [59], and PSS has a characteristic absorption peaks
at 220 nm while PAH shows negligible absorbance under the
UV-vis region [1]. Hence, the absorption spectra recorded
were characteristic of only m-TiO2 . From Figure 1 it can be
seen that as the number of the deposited bilayers increased
the absorbance also increased [1, 47, 53]. Also, the insert
graph further reveals that the absorbance increased linearly
as the number of metal-ion-doped titania bi-layers were
increased.
3.2. SEM and EDX Analysis. The SEM micrographs of the
synthesised thin films (1 to 5 bi-layers) in Figure 2 demonstrate that as the number of depositions of the thin films
increased, there was also an increase in the metal-ion-doped
titania nanoparticles assembled on the glass substrates. This
observation can also be used to explain the increase in the
absorbance noted in the UV-Vis spectroscopy. Furthermore,
as the number of the deposited bilayers was increased from 1
to 10, the thin films assumed a more uniform distribution
of the nanoparticles, a special trend exhibited by layerby-layer self-assembled thin films [60]. Furthermore, SEM
characterisation showed a smooth surface morphology as a
result of a network of crosslinked polyelectrolytes, and mTiO2 nanoparticles [61]. Also, a high degree of porosity of
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2 mL were extracted from the reaction chamber at 30 min
intervals for 6.5 h to measure the extent of the degradation.
The kinetics of the photodegradation process was studied
using the apparent rate constant. The apparent rate constant allows for the determination of photocatalytic activity
independent of the previous adsorption period and the
concentration of the Rh B remaining in the solution [58].
The data was fitted into the first order kinetic equation. The
apparent first order kinetic equation is − ln(Ct /C0 ) = Kapp t,
where Kapp is the apparent rate constant, Ct , the solution
phase concentration, and C0 , the concentration at t = 0, and
it was used to fit the experimental data [26].
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Figure 1: Absorption spectra of PSS/m-TiO2 showing increase in
absorbance with increase in number of layers (0.4% wt%). Insert:
number of PSS/m-TiO2 versus absorbance.

the thin films was observed on the SEM micrographs, and
this property plays an important role in the photocatalytic
activity of the assembled m-TiO2 nanoparticles [1, 53]. The
porosity nature of the thin films confirms the presence of a
large surface area which results in an increased photocatalytic
activity.
Electron dispersive X-ray spectroscopy (Figure 3) provided evidence of the successful synthesis of the metal-iondoped titania thin films. The presence of the metal ions
(Ag, Co, Ni, and Pd) is further indication that doped metal
ions formed part of the titania lattice. The Si and Ca peaks
observed from the EDX spectra of the thin films emanate
from the glass slides used as the substrate used for assembling
the metal-ion-doped titania nanoparticles [62].
3.3. AFM Analysis. The AFM images revealed an increase
in surface coverage of metal-ion-doped titania nanoparticles
as the number of the deposited bi-layers increased from
1 to 10. Also, the topography of the thin films showed
patches and gaps between the nanocatalysts which became
smaller and eventually became closely packed as the number
of bi-layers increased. This is as a result of the overlap of
the nanocatalyst layers forming a network as they adhere
to oppositely charged surfaces (self-assembly) due to the
presence of free charges from the previous depositions [40].
Also, from the 3D AFM images there seems to be an increased
roughness of the thin film topography as the number of the
bi-layers increased [63]. This suggests that the thin films had
an increased surface area which is desirable for increased
photocatalytic activity.
Furthermore, the AFM images confirm that there is
an increase in film thickness as the number of deposited
layers is increased (Figure 4). The linear fit (Figure 5) had
a regression value of 0.994 which indicates a uniform growth
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Figure 2: SEM images of (PSS/m-TiO2 )n , where n = number of deposited layers, 1 (a), 3 (b), 5 (c), and 10 (d) immobilised on glass slides
by LbL self-assembly technique.

of the PSS/TiO2 thin films. The average thickness of the mTiO2 thin films was estimated to be 19.2 nm. Generally, the
thickness of PSS/TiO2 bi-layer thin films is estimated to be
approximately 19 nm [1]. Film thickness is largely dependent
on the polyelectrolyte used, the pH during deposition, and
the size of the nanoparticles deposited because this is directly
related to the amount of TiO2 deposited on the substrate. For
example, a single bi-layer of PAA/TiO2 and PDAC/TiO2 thin
films is estimated to be around 18 nm and 38 nm, respectively
[1, 64]. Since one (1) bi-layer of PSS/TiO2 is estimated to
be 19 nm, theoretically PSS/TiO2 thin films having three (3)
and ten (10) bi-layers are expected to be 57 nm and 190 nm
thick, respectively, hence the values of 58.3 nm and 186 nm
obtained for the synthesised PSS/m-TiO2 thin films compare
favourably to the reported values.

3.4. Visible Light Degradation of Rhodamine B and Kinetic
Studies. The photodegradation process of Rhodamine B can
be summarised in (1) to (3) when disregarding the role of the
electrons (e− ) which is in the oxidation of metal ions. The
titania nanocatalysts absorb a photon (hv) resulting in the
excitation of an electron (e− ) from the valence band (VB) to
the conduction band (CB) leaving an electron vacancy or a

hole (h+ ) in the valence band (1). The holes then migrate
to the surface of the titania where they react with surface
hydroxyl groups in the TiO2 lattice or water to produce
hydroxyl radicals (2).

•

m-TiO2 + hv −→ h+ + e− ,

(1)

h+ + m-TiO2 −→ m-TiO2 +• OH,

(2)

OH + RhB −→ Degraded products.

(3)

The hydroxyl radicals then react with the Rhodamine
B producing intermediates, carbon dioxide, water, and
inorganic ions (3).
UV-visible spectroscopy was used to quantify the amount
of Rhodamine B photodegraded by the m-TiO2 layer-bylayer thin films assembled on glass slides. Glass slides with
diﬀerent thin film thicknesses, that is, 1 to 10 bi-layers
were investigated for the photodegradation of Rhodamine
B. Five immobilised catalysts (i.e., 5 glass slides) of each bilayer sequence were put in Rhodamine B solution (100 mL
of 100 mg L−1 ) and stirred for 30 min in the dark to
attain an adsorption-desorption equilibrium between the
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Figure 3: EDX spectra of (PSS/m-TiO2 )10 for Ag-, Co-, Ni-, and Pd-, doped titania immobilised on glass slides by LbL self-assembly
technique.

catalyst and the Rhodamine B. The reaction mixture was
then illuminated for 6.5 h, and 2 mL aliquots of the dye
were taken to study the extent of the photodegradation.
Visible-light illumination without the semiconductor catalyst produced no photodegradation of the dye without.
Poly(styrene sulfonate) and PAH do not take part in the
photodegradation of Rhodamine B by TiO2 nanoparticles
[1]. The photodegradation kinetic studies were studied using
the first order apparent rate law equation (− ln Ct /C0 =
Kapp t).
3.4.1. Ag-TiO2 Thin Films. The photodegradation experiments showed that 5 of catalysts 1 bi-layer degraded 33%,
3 bi-layers had degraded 48%, 5 bi-layers had degraded 79%,
and 10 bi-layers had degraded 96% of Rhodamine B after
6.5 h of visible-light irradiation (Figure 6). These results
confirm that as the number of bi-layers is increased, there is
also an increase in the rate of photocatalytic degradation of
Rhodamine B. Further confirmation can be drawn from the
apparent rate constants obtained from the linear transform
graph. As the number of bi-layers increased from 1 to 10, the

apparent rate constant also increased from 0.0012 min−1 to
0.0102 min−1 as shown in Table 1.
3.4.2. Co-TiO2 Thin Films. For the Co-TiO2 immobilised
thin films, photodegradation eﬃciencies of 33%, 51%, 76%,
and 97% were observed for 1, 3, 5, and 10 bi-layers after
6.5 h of visible-light irradiation. Increasing the number of
bi-layers resulted in an increase in the rate of photocatalytic
degradation of Rhodamine B. The apparent rate constants
observed for these photocatalytic degradation eﬃciencies
were 0.0012 min−1 for a single bi-layer, 0.0022 min−1 for 3
bi-layers, 0.0043 min−1 for 5 bi-layers, and 0.0102 min−1 for
10 bi-layers.
3.4.3. Ni-TiO2 Thin Films. The same photodegradation
trend was observed for Ni-TiO2 LbL assembled thin films.
After 6.5 h of visible-light irradiation, it was observed that 1
bi-layer of the Ni-titania film has degraded only 3.5 mg L−1
(35%), 3 bi-layers had degraded 5.6 mg L−1 (56%), and 5
bi-layers had degraded 6.2 mg L−1 , an equivalent of 62%
of Rhodamine B. The highest photodegradation eﬃciency
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Figure 4: 2D and 3D AFM images of (PSS/m-TiO2 )n , where n = 1 (a), 3 (b), 5 (c), and 10 (d) immobilised on glass slides by LbL self-assembly
technique.

was observed for the 10 bi-layers (85%). This confirms
that enhancement of the initial rate of photodegradation
(apparent rate) of Rhodamine B corresponds to an increase
in the number of bi-layers (Table 1).

3.4.4. Pd-TiO2 Thin Films. The Pd-TiO2 thin films also
produced the same photodegradation pattern that was
observed for the Ag-, Co-, and Ni-TiO2 thin films, that
is, there was an increase in the rate of photodegradation
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Table 1: Photocatalytic degradation eﬃciencies and apparent rate
constants of the thin films.
Catalyst
Degussa P25
Ag-TiO2

Co-TiO2

Ni-TiO2

Pd-TiO2

No. of bi-layers
10
1
3
5
10
1
3
5
10
1
3
5
10
1
3
5
10

Apparent rate
constant (min−1 )
0.0008
0.0012
0.0019
0.0047
0.0092
0.0012
0.0022
0.0043
0.0102
0.0013
0.0025
0.0029
0.0059
0.0013
0.0022
0.0029
0.0083

Degradation
after 6.5 h (%)
20
33
48
79
96
33
51
76
97
35
56
62
85
35
51
61
94

as the number of bi-layers increased. The photocatalytic
eﬃciencies obtained after 6.5 h of visible-light irradiation
increased from 35% to 94% as the number bi-layers
increased from 1 to 10, respectively. These eﬃciencies
corresponded to apparent rate constants of 0.0013 min−1
and 0.0083 min−1 , respectively. The rest of the apparent rate
constants and photodegradation eﬃciencies are shown in
Table 1.

The increase in the absorption eﬃciencies observed with
increase in the number of bi-layers is most probably due
to increase and availability of more surface area of the
catalyst. Furthermore, as the number of bi-layers increase,
there was a direct increase in the amount of catalysts
embedded on the substrate as shown by the SEM and AFM
images. The initial rate, that is, the apparent rate constant of
degradation of Rhodamine B was observed to increase with
increasing number of bi-layers. This is an indication that the
photodegradation is not only aﬀected by the outermost layer
but also the inner preceding layers. The participation of the
inner layers in the photodegradation is possible due to the
high degree of porosity and roughness exhibited by the thin
films as shown by the SEM and AFM images, respectively.
These resulted in an increased surface area for Rhodamine
B adsorption and hence an increased rate of photocatalytic
degradation.
To further ascertain the reactivity of the synthesised
metal-ion-doped thin film catalysts, their photocatalytic
activities were compared with the Degusa P25 titania
nanocatalysts. The synthesized thin films were found to
be superior to the Degusa P25 thin films which could
only degrade up to 20% Rhodamine B under visible-light
irradiation over a 6.5 h period (Table 1). Although these
Degusa P25 thin films show high degradation eﬃciencies
under UV-light irradiation [1], they fail to possess the same
under visible-light. This therefore proves that the presence of
the metalions on the titania lattice has played a pivotal role
in shifting the absorption edge of the titania nanocatalysts
towards visible light. Hence, this study provides a major
stride towards the use of solar energy (visible light) for the
activation of titania nanoparticles for use in environmental
remediation processes.
3.4.5. Eﬀect of Metal-Ion on the Rate of Photodegradation.
The results of Rhodamine B photodegradation show average
degradation eﬃciencies of about 33%, 50%, 70%, and 93%
for the 5 catalysts of 1, 3, 5, and 10 bi-layers of m-TiO2
thin films (Figure 7), respectively. These average degradation
eﬃciencies were irrespective of the metal ion used during
the 6.5 h of visible-light irradiation. The only metal-iondoped catalyst that showed lower absorption eﬃciencies for
10 bi-layer thin films was Ni-TiO2 titania (shown by the
larger error bar on the 10 bi-layer thin films (Figure 7)).
This could be as a result of the photocatalytic activity of
m-TiO2 being aﬀected by the slide orientation. Although
the incident visible-light intensity was the same for all the
experiments, the slides might not have been identically
oriented hence the absorption of visible light by the slides
might not be the similar. This suggests that the rate of
production of radicals was not identical for all the glass slides
thus resulting in slight diﬀerences in the photodegradation
eﬃciencies.
3.5. Catalyst Reusability. To investigate the catalyst reusability studies, PAH(PSS/m-TiO2 )10 (where m = Ag, Co, Ni,
or Pd) thin films were used. The catalyst reusability studies
were performed over five (5) cycles (Figure 8). The results
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obtained show that the LbL synthesised thin films did not
lose their photocatalytic eﬃciencies even after the five cycles,
that is, the photodegradation results of Rhodamine B were
still reproducible even after the five cycles. The LbL selfassembled thin films therefore exhibited film stability. This
is important because this observation suggests that the LbL
assembled m-TiO2 thin films could be potentially used
in continuous water treatment systems. In addition, the
reusability of the thin films means could result in a reduction
in the cost of water treatment if m-TiO2 thin films were to
be utilised and if scaling up would still be as eﬃcient and
economically viable.

4. Conclusions
The m-TiO2 LbL assembled thin films (PAH(PSS/m-TiO2 )n )
were successfully synthesised, and there was a linear
increase in thickness as the number of multilayer deposition
increased. These thin films exhibited high photodegradation
eﬃciencies (up to 95%) of Rhodamine B under visiblelight illumination. Although the illumination time was
longer than when the suspension form is used, this can be
overcome by increasing the number of thin film multilayers

10
to cause an increase in the rate of photocatalytic degradation
of Rhodamine B. Catalyst reusability studies revealed that
the LbL synthesised thin films were highly stable as they
could maintain the equivalent photodegradation eﬃciencies
for the five cycles that were tested. The high stability,
reusability, and visible-light illumination of the m-TiO2
make the LbL assembled m-TiO2 thin films a potentially
viable technique for application in water treatment processes
where solar energy can be used as the source of energy for
the illumination of photodegradation of pollutants in the
presence of titania nanocatalysts.
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Molecular dynamics simulations have been used to investigate the structural behavior of nanorods with square cross section. The
nanorods consist of pure Ag and Cu phases or of three Ag and Cu domains in the sequence Ag–Cu–Ag or Cu–Ag–Cu. Ag and Cu
domains are separated by coherent interfaces. Depending on the side length and the size of individual domains, Ag and Cu can
undergo a transition from the usual face-centered cubic structure to a body-centered tetragonal one. Such transition can involve
the whole nanorod, or only the Ag domains. In the latter case, the transition is accompanied by a loss of coherency at the Ag–Cu
interfaces, with a consequent release of elastic energy. The observed behaviors are connected with the stresses developed at the
nanorod surfaces.

1. Introduction
It is well known that surface and bulk atoms exhibit diﬀerent
properties due to their diﬀerent coordination numbers [1, 2].
For example, surface atoms have a potential energy higher
than bulk ones as a consequence of their smaller number
of neighbors [1, 2]. It follows that the overall physical and
chemical behavior of a given system depends on the fractions
of surface and bulk atoms [1, 2], which are in turn aﬀected
by the characteristic system lengths [1–5]. Whenever at least
one of these lengths is in the nanometer range, the fractions
of surface and bulk atoms become comparable [1–5]. For this
reason, nanometer-sized systems must be expected to exhibit
unusual properties ascribable to surface eﬀects [3–5].
One of the most striking examples of surface eﬀects
in nanometer-sized systems is provided by the change in
the relative thermodynamic stability of diﬀerent crystalline
structures [6, 7]. Provided that the free energy diﬀerence
between the crystalline structures is on the order of surface
free energies, the crystalline phase thermodynamically less
favored in the bulk can become the most stable one at the
nanoscale [6, 7]. This is the case of Pd nanocubes compressed in a diamond anvil cell, which exhibit a face-centered
tetragonal structure even though massive Pd under similar
conditions keep the face-centered cubic (fcc) lattice [6]. Numerical simulations also indicate that isolated Ag and Au

nanorods (NRs) can exhibit a body-centered tetragonal (bct)
structure, unstable in the bulk, due to intrinsic surface
stresses [7, 8]. Along the same line, fcc Pd NRs have been
shown to transform into either a bct or a hexagonal closepacked (hcp) structure [9, 10]. Other examples can be
found in the behavior of Ni nanometer-sized systems [11,
12]. Experimental work has shown that highly strained hcp
Ni islands form by heteroepitaxial growth on the (001) face
of MgO [11], whereas numerical simulations have given the
necessary theoretical support and extended the predictions
to Co, Pd, and Pt [12]. Furthermore, it has been demonstrated that intrinsic surface stresses are sensitive to both surface
composition and curvature [13–15].
Starting from the afore mentioned results, the present
work aims at deepening the insight into the eﬀect of chemical
composition on the intrinsic surface stresses arising in NRs.
Attention is focused on Ag and Cu NRs as well as on
composite NRs with three alternate Ag and Cu domains
according to the sequences Ag–Cu–Ag and Cu–Ag–Cu.
Molecular dynamics simulations have been used to investigate the stability of the diﬀerent NRs as a function of their
cross-sectional area and, in the case of composite NRs, of
the size of chemical domains. It is shown that the smallest
Ag NRs exhibit an unusual bct structure. It is also shown
that the presence of Cu domains can significantly aﬀect the
phase stability of Ag in composite NRs. Depending on the
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composite NR size, Cu can also undergo a fcc-to-bct transition unobserved in both Cu bulk phases and NRs.

2. Computational Outline
Interactions were described by using a semiempirical tightbinding (TB) potential based on the second-moment approximation to the density of electronic states [16, 17]. Accordingly, the cohesive energy E is expressed as
⎧
Nβ
Nα ⎪
⎨ 

αβ
Aαβ e− pαβ ((ri j /dαβ )−1)
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where iα and jβ run over the Nα and Nβ atoms of species α
αβ
and β, ri j = |riα − r jβ | is the distance between two atoms,
the parameters Aαβ , ξαβ , pαβ , and qαβ quantify the potential
energy, and dαβ is the distance between α-β nearest neighbor
pairs at 0 K. The first member on the right-hand side
describes the repulsive part of the potential as a Born-Mayer
pairwise interaction, while the second member accounts for
the attractive part in the framework of the second-moment
approximation of the TB band energy [16, 17]. Interactions
were computed within a cutoﬀ distance rc of 0.67 nm. The
potential parameter values were taken from literature [17,
18].
The selected TB potential exhibits a remarkable capability in reproducing the structural, thermodynamic, and
mechanical properties of both massive and nanometer-sized
transition metals and their alloys [1, 2, 16–19]. It has been
successfully employed to study Ag and Cu systems, including
metastable solid solutions at the nanometer scale [1, 2, 16–
19]. However, the present work has qualitative purposes,
and the obtained results should be regarded as a rough
approximation of real behavior.
Ag and Cu NRs as well as composite Ag–Cu–Ag and Cu–
Ag–Cu ones were created starting from relaxed Ag and Cu
bulk phases containing 256000 Ag or Cu atoms arranged
in 40 × 40 × 40 cF4 fcc elementary cells. The bulk systems
were relaxed at 200 K in the isobaric-isothermal statistical
ensemble with number of atoms, pressure, and temperature
T constant [20, 21]. The Parrinello-Rahman scheme was
employed to suitably deal with possible phase transitions
[22]. Periodic boundary conditions were applied along the
three Cartesian directions [23]. Equations of motion were
solved with a fifth-order predictor-corrector algorithm [23]
and a time step of 2 fs. The fluctuations of volume as well
as of potential and kinetic energies were used to monitor
the equilibration process, which attained completion after
approximately 0.2 ns.
Five Ag NRs and five Cu NRs about 15 nm long and
with square cross section were created by selecting parallelepipedic regions at the center of the Ag and Cu bulk phases,
respectively. The side length s of the square cross section
was given values roughly equal to 1.2, 1.6, 2.0, 2.4, and

2.8 nm. The NR main axis was chosen coincident with the
100 crystallographic direction, so that free surfaces exhibit
(100), (010), and (001) crystallographic facets, respectively.
The choice of investigating 100 NRs with (100), (010),
and (001) crystallographic facets is motivated by the fact
that only such orientation and facets allow the fcc-to-bct
phase transition in Ag and Au NRs [7, 15, 24]. Although
(111) crystallographic facets are in principle more stable than
(100) ones [25], these seem to be necessary to reach intrinsic
surface stresses large enough to aﬀect the stability of the fcc
crystalline phase and promote a change to the bct crystalline
lattice.
The unsupported Ag and Cu NRs were obtained by isolating the selected parallelepipeds from the parent matrices.
To such aim, the interactions between the atoms inside and
outside the parallelepiped were progressively canceled by
reducing linearly to zero in 50 ps, the A and ξ potential parameters for the involved atomic pairs.
Although computationally cumbersome, the afore mentioned procedure allows the gradual relaxation of NRs already during the process of formation [8, 18]. In particular, it
permits equilibrating the excess energy appearing at free surfaces as a consequence of the disappearance of the matrix [8,
18]. Correspondingly, the unsupported NRs exhibit relaxed
free surfaces [8, 18].
The unsupported Ag and Cu NRs were used to fabricate,
respectively, the composite Ag–Cu–Ag and Cu–Ag–Cu NRs.
The composite Ag–Cu–Ag NRs were created by selecting k
atomic planes at the center of the Ag NRs and replacing
the Ag atoms there located with Cu ones. An analogous
procedure was followed to create the composite Cu–Ag–Cu
NRs. The number k of Ag or Cu atomic planes defines the
size of the central domains. It was given integer values in the
range between 2 and 24, with consecutive values diﬀering
by two units. 72 being the total number of atomic planes
included in any given NR, the number of atomic planes
in the Ag or Cu end portions varied between 24 and 35.
Information on the composite Ag–Cu–Ag NRs is given in
Table 1.
The replacement of Ag atoms with Cu ones, and vice
versa, induces a considerable strain at the Ag–Cu interfaces
due to the diﬀerent elementary cell parameters of Ag and
Cu. The result is the formation of highly strained interfacial
regions in which Ag and Cu lattices, even though aﬀected
by compressive and tensile respectively, keep the initial
coherency [26].
Structural features were studied by comparing the distances and the spatial arrangement of neighboring atoms to
point out any departure from the equilibrium fcc arrangement and to identify the attained crystalline structure [27].
The average stress f at the NR surfaces was estimated by
the first derivatives of the interatomic potential [13]. Although relatively simple and direct, this method is sensitive
to the shape of the potential curve [8, 13]. Therefore, small
diﬀerences in the f values obtained by using diﬀerent potentials must be expected. Also, it must be noted that the
evaluation of the average surface stress f is further complicated by the presence of diﬀerent chemical domains along
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Table 1: The side length s, the cross-sectional area ANR , the total
number N of atoms and the total number Nplane of atoms in individual atomic planes. ANR values refer to the initial configuration
of the diﬀerent composite Ag–Cu–Ag NRs investigated with fcc
crystallographic structure. The NRs are about 15 nm long, that is,
include 72 atomic planes perpendicular to the NR main axis. For
each given NR, the number k of Cu atomic planes was varied of two
units in the range between 2 and 24. The number NCu of Cu atoms
in composite Ag–Cu–Ag NRs can be evaluated by the product of the
number k of Cu atomic planes in the NR with the number Nplane of
atoms in individual atomic planes. The number NAg of Ag atoms
can be evaluated as the diﬀerence between the total number N of
atoms in the NR and NCu .
ANR (nm2 )
1.44
2.56
4.00
5.76
7.84

N
1800
2952
4392
6120
8136

Nplane
25
41
61
85
113

20 ps

30 ps

Figure 2: Atomic configurations of the Ag NR with side length s
equal to about 2.0 nm taken at the indicated times.
40
Compressive stress,
σ NR (GPa)

s (nm)
1.2
1.6
2.0
2.4
2.8

0 ps

Figure 1: The relaxed atomic configuration of the unsupported Ag
NR with sides about 2.8 nm long.

30

20

10
0.2

0.4

0.6

0.8
−1

Reciprocal of cross-sectional area, A NR

the NR axis, which results in a inhomogeneous distribution
of local strains at the NR surfaces.
The induced compressive stress σNR along the NR axis
can be indirectly estimated from the average surface stress
f by calculating the ratio 4 f l/ANR [24], where l and
ANR represent, respectively, the total length and the crosssectional area of NRs.
All of the results discussed in the following were obtained
from at least two simulations, aimed at ascertaining the reliability of results and their dependence on the initial configuration.

3. Ag and Cu NRs
The relaxed atomic configuration of the unsupported Ag NR
with sides about 2.8 nm long is shown in Figure 1. It can be
seen that the system has kept the fcc crystalline structure
typical of Ag bulk phases. The stability of this structure
depends on the size of the NR. As observed in previous work
[8], the fcc structure is replaced by a bct one as the side
length s of the Ag NR becomes equal to 2.0 nm or smaller.
The analysis of the atomic arrangements indicates that the
bct structure exhibits elementary cell parameters abct and cbct
equal to about 0.347 and 0.286 nm, respectively.
Information on the mechanism of the phase transition
is obtained by visualizing the atomic configurations of Ag
NRs at diﬀerent times. The images of a few configurations
are shown in Figure 2. They clearly point out that the fccto-bct phase transition nucleates at the free (100) surfaces

(nm−2 )

Figure 3: The surface-induced compressive stress σNR as a function
−1
. The bestof the reciprocal of the NR cross-sectional area ANR , ANR
fitted line is also shown.

perpendicular to the NR main axis and progressively propagates inwards at a rate of about 400 nm ns−1 .
Following previous work [7, 15], the fcc-to-bct phase
transition in NRs with cross-sectional area ANR smaller than
about 4 nm2 has been connected with the surface stress
f . Calculations point out that the average surface stress f
exhibited by the (100) free surfaces of the Ag NRs amounts
approximately to −1.3 J m−2 . This f value is on the same
order of magnitude than the ones reported in literature
for Au nanowires [7]. The negative sign of the f estimate
indicates that the Ag NRs undergo a contraction along their
main axis. The extent to which their length contracts depends
on the intensity of the compressive stress σNR induced by
the surface stress f . The compressive stress σNR varies with
the NR size as shown in Figure 3, where σNR is plotted as a
function of the reciprocal of the NR cross-sectional area ANR ,
−1
. The largest NR able to undergo the fcc-to-bct phase
ANR
transition is the one with cross-sectional area ANR equal to
about 4 nm2 . In this case, the surface-induced compressive
stress σNR amounts to about 13 GPa. This value can be
also regarded as the minimum surface-induced compressive
stress σNR able to promote a fcc-to-bct phase transition in Ag
NRs with square cross section.
In contrast with the behavior exhibited by Ag NRs, Cu
NRs do not undergo any fcc-to-bct phase transition. In all
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Figure 4: A grid showing the diﬀerent combination of side length s
and number k of Cu atomic planes for all of the composite Ag–Cu–
Ag NRs considered. Dark and light gray indicate, respectively, the
NRs entirely and partially involved in fcc-to-bct phase transitions.
The red circles point out the NRs in which the fcc-to-bct phase
transition of Ag end portions does not find counterpart in pure Ag
NRs of the same size.

of the examined cases, that is, Cu NRs with roughly the
same size of Ag NRs, the fcc structure exhibits the highest
stability. Therefore, it is kept by all of the unsupported Cu
NRs irrespective of their cross sectional area.
The behavior of Ag and Cu NRs described previously represents the starting point to analyze the behavior of composite Ag–Cu–Ag and Cu–Ag–Cu NRs.

28 ps

35 ps

Figure 5: The atomic configurations of the composite Ag–Cu–Ag
NR with sides about 1.2 nm long and 8 Cu atomic planes in the
central region. Ag and Cu atoms are shown in light and dark gray,
respectively. Configurations are taken at the times indicated.

4. Composite Ag–Cu–Ag NRs
In the case of Ag–Cu–Ag NRs, considerable lattice distortions
are observed at the interfacial regions. On the one hand,
the Cu side of the Ag–Cu interface undergoes a tensile
deformation, which results in a cell parameter slightly larger
than the equilibrium one. On the other hand, the Ag atoms at
the interface are submitted to a compressive stress, and their
local cell parameter is smaller than the equilibrium one. The
same is true for all of the Ag–Cu–Ag NRs investigated.
The central Cu domain is expected to aﬀect the fcc-tobct phase transition behavior of the composite NRs. The
stacking of k Cu atomic planes between the Ag domains
can be regarded as a perturbation of the NR including only
Ag atoms. The consequence of such perturbation can be
readily visualized from the grid shown in Figure 4. The grid
is constructed by correlating the NR side length s with the
number k of Cu atomic planes and allows to mark the
composite Ag–Cu–Ag NRs aﬀected by structural changes.
Four diﬀerent regions can be identified. For composite Ag–
Cu–Ag NRs with s equal to 2.0 nm or smaller and k equal
to 8 or smaller, a fcc-to-bct phase transition takes place that
also involves the Cu domain. Within the same s range, the
Cu domain is no longer aﬀected by the fcc-to-bct transition
when k becomes larger than 8. The Ag–Cu–Ag NRs with
side length s larger than 2.0 nm and number k of Cu atomic
planes around 10 also exhibits the same behavior. This is
quite surprising, since the corresponding Ag NRs do not
undergo any structural transformation. Therefore, it must
be inferred that the phase transition is due to the central Cu
domain. For all of the remaining Ag–Cu–Ag NRs, no phase
transition occurs.

For simplicity, hereafter the cases in which transformations take place will be indicated as A, B, and C. Case A
will include the Ag–Cu–Ag NRs in which both Ag and Cu
domains undergo a fcc-to-bct phase transition. Case B will
refer to NRs in which only the Ag domain participates in
the transition. Finally, Case C will refer to the NRs in which
the Ag domains transform even though the corresponding
Ag NRs do not.
4.1. Case A. The atomic configurations of the composite Ag–
Cu–Ag NR with side length s equal to 1.2 nm and k equal to
8 are shown in Figure 5 at diﬀerent times after the isolation
from the parent matrix. It can be seen that, as in the case of
Ag NRs, the fcc-to-bct phase transition starts at the Ag-free
surfaces perpendicular to the main NR axis. Once the phase
transition has started, the transition front propagates along
the NR axis at rates of about 400 nm ns−1 . The Cu atomic
planes in the central region do not arrest the transition
front. On the contrary, it overcomes the strained coherent
interfaces between Ag and Cu and forces the Cu domain to
take a bct arrangement. The analysis of the arrangement of
nearest neighbors indicates that the Cu bct phase exhibits
elementary cell parameters abct and cbct equal to about 0.309
and 0.261 nm, respectively. Correspondingly, the contraction
of the Cu lattice along the main NR axis and its dilatation
perpendicular to it, are similar in percentage to the ones
observed in Ag NRs.
As a whole, case A NRs and Ag NRs share a similar
behavior. The fcc arrangement is replaced by the bct one
along the whole NR length, and the Ag–Cu interfaces keep
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Figure 6: The atomic configurations of the composite Ag–Cu–Ag
NR with sides about 1.2 nm long and 20 Cu atomic planes in the
central region. Ag and Cu atoms are shown in light and dark gray,
respectively. Configurations are taken at the times indicated.

coherent. After the transition, the composite Ag–Cu–Ag NRs
still exhibit a thinner central region. Indeed, although it
withstands considerable strain, the Cu domain exhibits elementary bct cell parameters smaller than Ag.
The diﬀerence between the elementary bct cell parameters of Ag and Cu depends on the size of the Cu domain. It
decreases as the number k of Cu atomic planes decreases and
almost disappears when k is equal to 2. The afore mentioned
findings suggest that the behavior of case A NRs is dominated
by the coherency of the Ag–Cu interfaces. In contrast, when
the number k of Cu atomic planes increases, the Case A
behavior is replaced by the Case B one.
4.2. Case B. As the number k of Cu atomic planes in the
central region of the composite Ag–Cu–Ag NR with side
length s equal to 2.0 nm becomes larger than 8, the fcc-tobct phase transition no longer involves the Cu domain. The
structural evolution of these NRs is exemplified by the atomic
configurations shown in Figure 6, regarding the composite
Ag–Cu–Ag NR with side length s equal to 1.2 nm and k equal
to 20. The Ag–Cu–Ag NRs with s values equal to 1.6 and
1.2 nm and k values, respectively, equal to 8 and 10 exhibit
a similar behavior.
In Case A and Ag NRs, the fcc-to-bct phase transition
nucleates at the free Ag surfaces perpendicular to the main
NR axis. As far as the transition fronts undergo their axial
displacements within the Ag portions, the propagation rate
is comparable with the one of about 400 nm ns−1 observed in
Case A and Ag NRs. The fcc-to-bct phase transition pro-gressively involves the entire Ag domains, but it arrests at the Ag–
Cu interfaces. The Cu domain keeps its initial fcc structure,
although disordering processes take place at interfaces. These
determine the loss of interface coherency, and a modification
of the overall structure of the NRs. The final configuration
in Figure 6 clearly shows that the two Ag portions no longer
share the same main axis, exhibiting a misalignment of about
10◦ .
A similar behavior is observed in all of the Case B NRs.
The extent to which the NR structure is modified depends
on the number k of Cu atomic planes. The smaller the Cu
domain, the more disordered the final arrangement of the
Cu and Ag portions.

14 ps

Figure 7: The atomic configurations of the composite Ag–Cu–Ag
NR with sides about 2.4 nm long and 10 Cu atomic planes in the
central region. Ag and Cu atoms are shown in light and dark gray,
respectively. Configurations are taken at the times indicated.

The Ag–Cu interfaces rapidly disorder as the fcc-to-bct
phase transition takes place. The structural modifications
aﬀecting the Ag domains induce a considerable strain on
the adjacent Cu atomic planes. Although the Cu lattice is
no longer able to follow the dilatation of the Ag one, the
interfacial interactions are intense enough to induce the
nucleation of lattice defects and the displacement of atomic
species. This results in a limited mixing of Ag and Cu atoms
at interfaces, aimed at lowering the surface energy.
4.3. Case C. A few composite Ag–Cu–Ag NRs with side
length s larger than 2.0 nm also undergo structural modifications. In the light of the Ag NR behavior, this is somewhat
unexpected. In fact, only Ag NRs with s values equal to
2.0 nm or smaller undergo a phase transition. Therefore, the
phase transitions in the composite Ag–Cu–Ag NRs can be
reasonably ascribed to the presence of the central Cu domain.
The observed structural modification is exemplified
by the atomic configurations shown in Figure 7 for the
composite Ag–Cu–Ag NR with side length s equal to 2.4 nm
and 10 Cu atomic planes in the middle. The Ag end portions
undergo the fcc-to-bct phase transition, whereas the Cu
central domain is not involved. However, diﬀerent from Case
A and Case B NRs, the bct phase no longer nucleates at the
free Ag surfaces perpendicular to the main NR axis. Rather,
the phase transition starts in the neighborhood of the Ag–
Cu interfaces. Thus, it appears that the transition behavior
should be connected with the stress induced by the strained
coherent Ag–Cu interface.

5. Composite Cu–Ag–Cu NRs
The composite Cu–Ag–Cu NRs have roughly the same
size of the Ag–Cu–Ag ones, but opposite compositional
profile. Simulations indicate that the central Ag domain still
undergoes the fcc-to-bct phase transition, provided that the
side length s is equal to 2.0 nm or smaller and the number k
of Ag atomic planes is larger than 6. In the other cases, the Ag
domain keeps its usual fcc structure.
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Figure 9: The average surface stress f as a function of the number
k of Cu atomic planes for the Case A composite Ag–Cu–Ag NRs.
Data refer to the case of NRs with side length s equal to 1.2, 1.6, and
2.0 nm as indicated. Best-fitted lines are also shown.
10 ps

Figure 8: The atomic configurations of the composite Cu–Ag–Cu
NR with sides about 1.2 nm long and 20 Ag atomic planes in the
central region. Ag and Cu atoms are shown in light and dark gray,
respectively. Configurations are taken at the times indicated.

The structural evolution of the Cu–Ag–Cu NR with side
length s equal to 1.2 nm and number k of Ag atomic planes
equal to 20 is exemplified by the atomic configurations
shown in Figure 8. It can be seen that the phase transition
nucleates homogeneously in the Ag domain. No transition
front is observed. The coherency of Ag–Cu interfaces is
rapidly lost, which induces the disordering of interfacial
regions and the misalignment of Ag and Cu domains.

6. Discussion
The diﬀerent behaviors exhibited by Ag and Cu NRs, as
well as by composite Ag–Cu–Ag and Cu–Ag–Cu NRs, are
determined by size eﬀects. In the case of Ag and Cu NRs,
size eﬀects can be substantially identified with the stress f
intrinsically associated with the NR free surfaces. The surface
stress f can take quite large values, inducing a significant
compressive stress σNR along the main NR axis. In turn, this
compressive stress can be large enough to stabilize the bct
structure over the fcc one. Provided that the cross-sectional
area of the NRs becomes smaller than a threshold of about
4.0 nm2 , a fcc-to-bct phase transition is actually observed in
the case of Ag NRs. Conversely, no such transition takes place
in the case of Cu NRs. In fact, Cu keeps its usual fcc structure
irrespective of the NR cross-sectional area.
Although a similar mechanism can be expected to
operate in composite Ag–Cu–Ag and Cu–Ag–Cu NRs, the
situation is further complicated by the structural heterogeneity. In particular, it must be expected that size eﬀects
connected with the side length s of the NRs are modulated by
the size, that is, the number k of atomic planes, of the central
Cu or Ag domains. The numerical findings clearly show that,
depending on the s and k values, the NRs can undergo a
fcc-to-bct phase transition. This phase transition can involve
either the whole NR or only the Ag domains. It must be
noted that, diﬀerent from the case of Ag NRs, Ag domains

can undergo the fcc-to-bct phase transition also when their
side length s is larger than 2.0 nm.
The average surface stress f for Case A composite Ag–
Cu–Ag NRs that undergo the fcc-to-bct phase transformation is shown in Figure 9 as a function of the number k of Cu
atomic planes. The f estimates exhibit a simple dependence
on the size of the Cu domain, increasing almost linearly
with k. The minimum f value allowing the fcc-to-bct phase
transition amounts roughly to 2.1 J m−2 . This value is not
far from the one observed in the case of Ag NRs, equal
to about 1.7 J m−2 , and close to the f estimate obtained
for Ag NRs submitted to a hydrostatic pressure of roughly
0.3 GPa [8]. The NRs with the shortest side length s exhibit
an intrinsic surface stress f as large as 4.9 J m−2 . As a whole,
it follows that the free surfaces of composite Ag–Cu–Ag are
considerably more strained than the ones of the Ag NRs of
similar size.
The large intrinsic surface stress f exhibited by case A
NRs can be tentatively rationalized in terms of local strains
generated by coherent Ag–Cu interfaces. The Cu fcc lattice
has an elementary cell parameter of about 0.362 nm, remarkably smaller than the one of about 0.410 nm characteristic
of the Ag fcc lattice. The diﬀerence between these two values
induces tensile and compressive loadings, respectively, on the
Cu and Ag domains, particularly in the region neighboring
the coherent interface. Locally, such local strain further
enhances the compressive stresses σNW , already present due
to the reduced size of NRs.
A consequence of the large average values of the intrinsic
surface stress f is the involvement of the central Cu
domains of composite Ag–Cu–Ag NRs in the fcc-to-bct
phase transition. This never occurs in bulk Cu phases and
in Cu NRs, irrespective of their size. It follows that the
relative stability of the bct Cu domain must be ascribed to
a combination of eﬀects connected with surface stresses and
Ag–Cu coherent interfaces.
Case B and Case C NRs present diﬀerent aspects. Cu
domains keep their fcc structure unchanged despite the
fcc-to-bct phase transition involving the Ag ones. This
determines the release of the elastic energy associated with
coherent Ag–Cu interfaces. Such energy was roughly estimated by calculating the potential energy diﬀerence between
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Figure 10: The average temperature T of the m individual atomic
planes of the composite Ag–Cu–Ag NR with side length s equal to
1.6 and 10 Cu atomic planes. The vertical dotted lines ideally locate
the Ag–Cu interfaces. The curves are downshifted of 5 and 10 K
for avoiding superposition. From bottom to top, the data refer to
the temperature profiles at the beginning of the fcc-to-bct phase
transition in Ag end portions, after about 29 ps, and after about
30 ps. At longer times, the temperature of interfacial planes starts
decreasing.

coherent and incoherent Ag–Cu interfaces. In turn, these
were evaluated by comparing the total energies of Ag and
Cu NRs of suitable size with the ones of composite Ag–Cu–
Ag NRs of the same size containing either coherent or incoherent interfaces. The obtained energies for coherent and
incoherent Ag–Cu interfaces with (100) topology amount
roughly to 1.2 and 0.8 J m−2 respectively, in substantial
agreement with literature values [26, 28]. It follows that the
elastic energy released when the Ag domains of case B and
case C NRs undergo the fcc-to-bct phase transition is on the
order of 0.4 J m−2 . The same is true for the case of central Ag
domains undergoing the fcc-to-bct transition in composite
Cu–Ag–Cu NRs.
The elastic energy is released almost instantaneously at
the phase transition. As a consequence, the local temperature
T at Ag–Cu interfaces also rises almost instantaneously. Local
temperatures T were estimated by monitoring the average
kinetic energy in the m individual atomic planes forming
the NRs [26]. The T estimates obtained at diﬀerent times
for the composite Ag–Cu–Ag NR with side length s equal
to 1.6 nm and number k of Cu atomic planes equal to 10
are shown in Figure 10. It can be seen that the Ag and Cu
planes at interfaces undergo a rapid T increase immediately
after the loss of coherency at the Ag–Cu interfaces. The
temperature T of the interfacial atomic planes rises up to
about 1600 K, which is roughly 400 K points Tm,Ag and Tm,Cu
of Ag and Cu, respectively. Although T keeps higher than
Tm,Ag and Tm,Cu for about 5 ps only, such time interval is
suﬃcient to allow a certain mobility to interface atoms,
which undergo intermixing and disordering phenomena.
The same phenomena occur in the other composite Ag–Cu–
Ag NRs as well as in composite Cu–Ag–Cu NRs in which the
central Ag domain undergoes the fcc-to-bct transition.

7. Conclusions
Numerical findings indicate that as the intrinsic surface
stresses reach a threshold value, the fcc structure of Ag NRs

becomes unstable, and a fcc-to-bct phase transition takes
place. The transition starts at the surfaces perpendicular to
the main NR axis and propagates to the rest of the NR.
Conversely, Cu NRs always keep the fcc structure.
Whereas the structural behavior of Ag and Cu NRs
depends only on their size, in the case of composite Ag–
Cu–Ag and Cu–Ag–Cu NRs, the size of the central Cu or
Ag domains also plays an important role. Three diﬀerent
structural behaviors emerge in composite NRs as a function
of the NR side length s and of the number k of atomic planes
in the central Ag or Cu domain. The Ag–Cu–Ag NRs with
side length s ≥ 2.4 nm do not undergo structural modifications, in agreement with the case of Ag NRs of similar
size. In contrast, an fcc-to-bct phase transition takes place in
composite Ag–Cu–Ag NRs with side length s ≤ 2.0 nm and
8 or 10 Cu atomic planes. In these cases, the transition also
involves the central Cu domain, although the bct structure is
unstable in both bulk Cu and pure Cu NRs of similar size.
The fcc-to-bct phase transition is also observed in Ag–
Cu–Ag NRs with more than 10 Cu atomic planes and in Cu–
Ag–Cu NRs with more than 6 Ag atomic planes. However, the
transition only involves the Ag domains, leaving the Cu ones
unaﬀected. The Ag–Cu interfaces lose their coherency and
almost instantaneously release the associated elastic energy.
The temperature of interfaces suddenly rises up to about
1600 K, which allows a significant local disordering and the
loss of coaxiality of Ag and Cu domains.
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