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Core-shell nanostructures, a family of nanomaterials, have
attracted increasing research interest due to their unique
structural features that consist of an inner core and an exter-
nal shell of different chemical compositions. These structural
features allow the possibility of combining distinctive prop-
erties of varied materials. Comparatively, core-shell nanos-
tructures have exhibited improved physical and chemical
properties relative to their single-component counterparts.
The inherent emergent chemical and physical properties of
core-shell nanostructures are of great importance to a poten-
tially broader range of applications including electronics,
magnetism, optics, and catalysis. So far a large number of
core-shell nanostructures have been successfully fabricated
using approaches ranging from laser ablation and high-
temperature evaporation to carbothermal reduction and
hydrothermal methods. Structural characterization of these
nanostructures and determination of their unique properties
for various applications have been well documented. This
special issue is devoted to describing a number of unique
properties and applications of core-shell nanostructures by
introducing a few research papers in this field.

The paper describes a simple emulsifier-free seed
emulsion polymerization technique for the synthesis of
perfluoropolyether-based core-shell nanoparticles. The shell
consists of relatively high Tg polystyrene and polymethyl-
methacrylate that have a high glass transition temperature
(Tg) as well as polyacrylic copolymers that have a low Tg.

The paper deals with the fabrication of polyaniline- (PANI-)
TiO2 core-shell nanostructures that were prepared via a novel
ionic liquid/water microemulsion method in the presence of
anatase TiO2 nanoparticles. The paper reports the prepa-
ration of poly (methyl methacrylate)/SiO2 (PMMA/SiO2)
hybrid composites using a “grafting onto” strategy, with
assistance of UV light irradiation in an iron aqueous
solution. The functionalization of PMMA was achieved by
anchoring 3-(methacryloxy) propyl trimethoxysilane onto
the nanosilica surface, followed by grafting PMMA onto the
nanosilica layer with FeCl3 as a photoinitiator. The paper
presents a synthesis procedure of free standing Ge/GeO2

core-shell nanocrystals with tunable sizes and shell thickness.
High-resolution transmission electron microscope images
reveal the presence of strain in the nanocrystals and lattice
distortion/dislocations in the Ge core near the interface of
Ge core and GeO2 shell.

The paper of this special issue presents the preparation of
silica-poly (methyl methacrylate) nanoparticles. Compared
with pure natural rubber, the thermal resistance and tensile
properties of such nanostructures are significantly improved.
The paper is on the synchrotron X-ray absorption analysis
of Fe2O3-Pt core-shell nanoparticles, obtained from the
coreduction of iron acetylacetonate and platinum acetylacet-
onate. The paper reports the synthesis of a core-shell PMMA-
grafted-ordered mesoporous silica by surface-initiated atom
transfer radical polymerization of methyl methacrylate from
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the exterior surface of ordered mesoporous silica particle. It
was found that the as-prepared OMS(ordered mesoporous
silica)-g-PMMA exhibited improved properties including
ionic conductivity, thermal stability, and mechanical prop-
erties.

The papersexplore the potential application of core-
shell nanostructures. paper proposes a new solution-based
method for the synthesis of metal-hybrid nanocompos-
ites including TiO2, Au/TiO2, ZnO, and Au/ZnO. These
semiconductor-metal hybrid composites serve as a better
catalytic system for photodegradation of malathion, one
of the most commonly used pesticides in developing
countries. paper reports on silicon nanorods/carbon nan-
otubes (SiNRs/CNTs) for field emission cathodes. These
novel nanostructures demonstrated improved field emission
properties including a lower turn-on electric field, a lower
threshold electric field, and a higher enhancement factor ß,
suggesting that such core-shell structures have good potential
for field emission applications.

Weihong Qi
Linbao Luo

Hai-Sheng Qian
Gang Ouyang

Karuna Kar Nanda
Sherine O. Obare
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Nanosized PTFE-based core-shell particles can be prepared by emulsifier-free seed emulsion polymerization technique starting
from spherical or rod-like PTFE seeds of different size. The shell can be constituted by the relatively high Tg polystyrene and
polymethylmethacrylate as well as by low Tg polyacrylic copolymers. Peculiar thermal behavior of the PTFE component is observed
due to the high degree of PTFE compartmentalization. A very precise control over the particle size can be exerted by properly
adjusting the ratio between the monomers and the PTFE seed. In addition, the particle size distribution self-sharpens as the ratio
monomer/PTFE increases. Samples with uniformity ratios suited to build 2D and 3D colloidal crystals are easily prepared. In
particular, 2D colloidal crystal of spheres leads to very small 2D nanostructuration, useful for the preparation of masks with a
combination of nanosphere lithography and reactive ion etching. 3D colloidal crystals were also obtained featuring excellent opal
quality, which is a direct consequence of the monodispersity of colloids used for their growth.

1. Introduction

A milestone in the tetrafluoroethylene (TFE) polymerization
is represented by the development of the homo- and
copolymerization microemulsion technology, on industrial
scale, based on the use of perfluoropolyethers (PFPE)
in oil/water microemulsion. A great deal of interest was
focused on the resulting polytetrafluoroethylene (PTFE)
nano- and microparticle latexes [1, 2]. PTFE aqueous
dispersions featuring particle size as small as 10 nm can be
produced, with particle concentration number as high as
1018–1019(particles/liter). Moreover, by varying the amount
and structure of PFPE as well as the quantity and nature of
the comonomers, PTFE nanoparticles can be designed with
highly differentiated architectures, including size, shape, and
chemical composition.

Many interesting applications were disclosed for these
PTFE nanoparticles including components in PTFE bimodal
mixtures, ultralow-K dielectric materials, nanofillers for flu-
oroelastomers and fire-retardant additives with the reported
purpose to inhibiting the dripping of molten particles from
the burning polymer [3–6].

However, the compatibility and adhesion characteristics
of PTFE and the various polymeric matrices are inadequate
thus resulting in low dispersion degrees within the matrix
and poor mechanical coupling among the various blend
components. Moreover, the resulting compositions exhibit
a pearl scent opaque appearance that prevents their use in
applications where transparency is required. Finally, the poor
dispersion of PTFE material adversely affects the efficiency in
reducing the heat release.
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To enhance wettability and compatibility, several PTFE
surface modification strategies were developed based on
either high power chemical and reactive processing proce-
dures [7, 8] or high energy treatments [9, 10]. Reactive
extrusion of electron-beam irradiated PTFE and polyamides
was demonstrated [11–13] to be effective in the preparation
of well-dispersed compounds due to the occurrence of
transamidation reactions accompanied by the breakdown of
the PTFE agglomerates. However, consistent degradation of
the basic PTFE structure upon irradiation is unavoidable.

An alternative and promising nondestructive approach
to produce compounds with a perfect dispersion of PTFE
particles is based on the preparation of core-shell particles
in which the core is constituted by PTFE and the shell
by a conventional polymer. In the early studies, several
composite particles consisting of PTFE core and crosslinked
polybutadiene shell were described by Okaniwa [14] whereas
the preparation of one sample only of core-shell particles
in which the core is made up of PTFE and the shell of
crosslinked PS was reported by Othegraven [15]. More
recently, extensive studies were reported for core-shell
nanoparticle systems composed of PTFE core and polyacrylic
shell [16, 17] with various compositions.

Two-stage seeded emulsion polymerization is the general
method [18, 19] to prepare latex particles featuring a core-
shell morphology. The first stage, the core preparation, can
be carried out either separately or in situ and the polymeriza-
tion process of the second stage is a seeded process in which
the second monomer is added continuously or batchwise to
the reaction vessel. In most cases, some miscibility between
the core polymer and the shell-forming monomer produces a
partial swelling thus ultimately leading to an intermixing dif-
fuse region. However, in the present case, the shell-forming
monomer is always insoluble in the PTFE and the polymer-
ization occurs exclusively in the shell region of the latex.

A perfect degree of dispersion of the PTFE particles
within a polymer matrix could be obtained if the shell is
constituted by the same polymeric material with which the
polymer matrix is made up. The application of this concept
leads to a novel class of specific and very efficient PTFE-based
additives (Scheme 1).

An additional reason of interest for these core-shell
nanoparticles is also related to their potential use as build-
ing blocks for colloidal crystals and other nanostructured
materials [20–23]. They can self-assemble to generate 2D and
3D ordered structures which represent promising candidates
in applications such as catalysis, sensing, optics, molecular
separation, molecular reaction dynamics, single-molecule
detection, and optoelectronics.

Two-dimensional structuration leads to 2D colloidal
crystals which are extensively employed in nanosphere
lithography [24] (NSL), among others. NSL is based on the
self-assembly of nanospheres into close-packed monolayers
or bilayers, which are then employed as lithographic masks
to fabricate nanoparticle arrays. Consequently, NSL is an
efficient, inexpensive, inherently parallel, material-specific,
and high-output process for nanostructure fabrication
process which can systematically produce a 2D array of
periodic structures.

Scheme 1: PTFE dispersion improvement through the use of core-
shell particles.

Scheme 2: 2D and 3D colloidal crystals from PTFE based core-shell
particles.

The use of spherical colloids to obtain highly ordered
periodic 3D structures, that is, photonic crystals, opens novel
perspectives in organic photonics since the the periodic
modulation in structure and composition allows to control
light propagation and emission [25].

In addition to the building up of conventional opals, once
a well-ordered assembly of core-shell particles is obtained,
annealing at a temperature higher than the flow transition
temperature of the shell-forming polymer allows the shell-
forming polymer to soften and form a matrix surrounding
3D periodic array of in which the PTFE particles are arranged
in regular registry. Since the characteristic size of the different
domains is on the nanometer range, nanoscale thin films and
three-dimensional materials can be prepared (Scheme 2).

For these applications, the particle size control represents
the key to produce successful nanostructures. As monodis-
persed particles in the 30 nm to 1 micron size range are
involved in the preparation of nanostructured materials,
emulsion polymerization [26] is the most suitable particle
forming technique. In this process, the most important
parameter, that controls the particle nucleation, is the
surfactant concentration. A narrow particle size distribution
can be achieved when a low surfactant concentration is
employed [27, 28]. The “surfactant-free emulsion polymer-
ization” (SFEP) represents an efficient technique to prepare
monodisperse latexes because the time for nucleation is
extremely short. However, SFEP approach affords particles
with size generally comprised between 300 and 800 nm
whose monodispersity is not always guaranteed. In addition,
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Table 1: PTFE latex characteristics.

PTFE latex Shape d (nm) Solid content (g/L) No. of particles (L−1) Conductivity (μS/cm) Zeta potential (mV)

BPM Sphere 20 150.8 1.7 × 1019 850 −56

BP44 Sphere 26 350.4 1.8 × 1019 520 −50

DV2 Sphere 33 358.3 6.8 × 1018 460 −38

MD Sphere 41 347.6 3.1 × 1018 280 −51

DV3 Rod-like 62 294.5 1.2 × 1018 415 −41

D60 Sphere 130 280.2 1.7 × 1017 560 −35

D60G Sphere 240 296.8 1.9 × 1016 430 −38

a certain variability in the final average particle size is
observed.

A related approach to prepare such nanosized particles
[29, 30] relies on the seeded emulsion technique starting
from seeds of a few nanometers. These can be prepared
in situ by a self-seeding technique or can derive from
a distinct preparation. Considering the latter approach,
polytetrafluoroethylene (PTFE) latexes with particles in the
submicrometer size range can be successfully employed
as seeds in the emulsifier-free emulsion polymerization of
various monomers including styrene [31, 32], acrylic mix-
tures [33], or methyl methacrylate [34–36] or thus leading
to a wide variety of core-shell nanosphere architectures
featuring a relatively narrow size distribution. In this paper,
we review our most recent results concerning preparation,
properties and self-assembly behavior of PTFE-based core-
shell particles using polytetrafluoroethylene (PTFE) latexes
with particles in the submicrometer size range, as seeds
in the emulsifier-free emulsion polymerization of various
monomers thus leading to a wide variety of core-shell
nanosphere architectures in which the shell-forming poly-
mers can be designed with glass transition or flow transition
temperatures above or below room temperature.

2. Experimental Part

2.1. Materials. The PTFE latexes employed in this study and
provided by Solvay Solexis were marked BPM, BP44, DV2,
DV3, D60, D60G, and MD. Their characteristics, includ-
ing particle radius and particle shape, the solid content,
the particle number concentration, and the conductivity
are collected in Table 1. The monomers styrene (99%
Aldrich), butylacrylate (≥99%, Aldrich), methylacrylate
(≥99%, Fluka), ethylacrylate (≥99%, Fluka), and methyl
methacrylate (99% Fluka) were distilled under reduced
pressure in nitrogen atmosphere and stored at −18◦C
until use. Methacrylic acid (≥98.0%, Fluka) and potassium
persulfate (98%, Carlo Erba) were used without further
purification. The C1 mixture is constituted by methylacry-
late, ethylacrylate, and methacrilic acid with weight percent
of 39, 57, and 4%, respectively. The C2 mixture is constituted
by butylacrylate and methacrilic acid with weight percent of
96 and 4%, respectively.

2.2. General Preparation of PTFE-Based Core-Shell Na-
nospheres. The PTFE-based core-shell colloids were syn-

Table 2: Already published core-shell series and corresponding
references.

Series Reference

MDS, DV2S, DV3S [31]

BPMS [32]

MDC1, MDC2 [33]

MDM, DV2M, DV3M [34]

BPM, D60M [35]

MM [36]

thesized in a 1 L five-neck jacketed reactor equipped with a
condenser, a mechanical stirrer, a thermometer, and inlets
for nitrogen and monomer(s). First, the appropriate amount
of PTFE latex was introduced into the reactor containing
500 mL of deionized water at room temperature with a
stirring rate of 300 rpm. The mixture was purged with
nitrogen for 20 min and nitrogen was flushed during the
entire polymerization procedure. Next, the mixture was
heated to 75◦C and the monomer(s) was added. Then,
after additional 15 min of equilibration time, the potassium
persulfate aqueous solution (10 mL, 0.74 mmol) was added
and the mixture was reacted for 24 h. The obtained latex was
purified from the unreacted monomer by repeated dialyses
using a membrane with MWCO of 12.4 KDa. All the latexes
were obtained following the above general procedure by
varying the initial PTFE latex amount. Starting from the
various PTFE seeds and changing the ratio between the PTFE
and the monomer(s), several sample series were obtained.
The series were marked with an acronym comprising the
PTFE seed, the type of monomer or comonomeric mixture,
and a number which relates to the initial PTFE weight
percent with respect to the monomer or comonomeric
mixture. As an example, the MDMn series is obtained from
the MD latex and methylmethacrylate (M) whereas styrene
and the two acrylic mixtures are indicated as S, C1, and
C2, respectively. The experimental details of the already
published sample series are described in the corresponding
papers as summarized in Table 2. The experimental details of
series MDS and D60GS are reported in Tables 3 and 4.

2.3. Preparation of 2D and 3D Colloidal Crystals. 2D colloidal
crystals were prepared by the floating technique [37–39], on
the air liquid interface and then lifted on the surface of a
solid substrate. With this method, the original dispersion
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Table 3: Synthesis details, yield, and solid content of the various samples.

Sample Volume of water (mL) Volume of Styrene (mL) Volume of PTFE latex (mL) Yield (%) Solid content (g/mL)

MDS1 500.0 70.0 0.46 89.6 0.1078

MDS2 500.0 70.0 0.92 98.4 0.1104

MDS3 500.0 70.0 1.85 100.0 0.1140

MDS4 500.0 70.0 5.67 100.0 0.1210

MDS5∗ 500.0 70.0 10.00 76.4 0.1121

MDS6 500.0 70.0 18.10 100.0 0.1241

MDS7∗ 500.0 70.0 19.90 77.0 0.1128

MDS8∗ 500.0 70.0 39.90 83.0 0.0650

MDS9∗ 500.0 70.0 59.40 81.7 0.1247

D60GS1 500.0 70.0 30.65 85.3 0.1106

D60GS2 500.0 70.0 50.30 83.6 0.1087
∗

Published in [31].

Table 4: Sample composition derived from TGA and DSC, glass transition temperature, diameter estimated, PCS Size, SEM size, and
uniformity ratio of the various samples.

Sample % PTFE Theorical (W/W) % PTFE (TGA) % PTFE (DSC) d estimated (nm) d PCS (nm) d SEM (nm) Uniformity Ratio U

MDS1 0.25 0.21 0.11 383 417 380 1.003

MDS2 0.50 0.47 0.33 304 309 301 1.004

MDS3 1.00 0.85 0.67 241 245 237 1.005

MDS4 3.00 2.91 2.08 167 166 163 1.007

MDS5∗ 5.20 5.20 4.30 138 139 133 1.012

MDS6 9.00 8.70 7.67 114 115 111 1.028

MDS7∗ 9.80 6.70 7.9 111 113 107 1.030

MDS8∗ 17.90 19.4 16.8 89 92 84 1.050

MDS9∗ 24.50 22.7 22.7 80 89 75 1.100

D60GS1 12.5 12.0 12.4 596 604 593 1.004

D60GS2 19.0 18.0 19.3 511 525 500 1.004
∗

Published in [31].

(eventually diluted to reach typical concentrations ranging
from 5 to 10% in water) is mixed with ethanol (1 : 1 V/V).
This gives an accurate control of the floating level of the
monolayers on the water surface thus allowing the formation
of large 2D crystals screening the surface charge on the sphere
by water molecules. The final addition of a surfactant in
the water further compacts the 2D crystalline islands. In
this phase, parameters like sphere surface charge, ethanol
content, and dispersion method are rather critical in the
formation of large crystal assemblies. Silicon substrates have
been used to lift the floating crystals.

3D colloidal crystals were grown by using the vertical
deposition technique [40] starting from core-shell latexes
properly diluted with deionized water. Growth occurred
on glass substrates at 45 ± 1◦C inside a BF53 Binder
incubator. Opals were composed of flat domains with the
[111] direction of the face-centered cubic lattice of spheres
perpendicular to the substrate. In the best samples, domain
sizes are 50–100 microns. However, defects inside these
domains, in particular stacking faults, cannot be excluded.
Opals are marked with the prefix O before the name of the
sample employed to build up the corresponding opal.

2.4. Characterization. Scanning electron microscope (SEM)
analysis was performed using an Inspect F SEM-FEG (Field
Emission Gun) from FEI company, with a beam diameter of
3 nm. The SEM micrographs were elaborated by the Scion
Image processing program. Photon correlation spectroscopy
(PCS) analysis at 25◦C was performed with a Malvern
Zetasizer 3000 HS at a fixed scattering angle of 90◦, using a
10 mV He-Ne laser and PCS software for Windows (version
1.34, Malvern, UK). Each value is the average of five
measurements. The instrument was checked with a standard
polystyrene latex with a diameter of 200 nm. Electrophoretic
mobility was measured with a Malvern Zetasizer 3000 HS.
Each value is the average of five measurements.

SFM analysis was performed with Tapping-Mode Atomic
Force Microscopy in air on a Multimode Nanoscope IIIa
instrument (Veeco, S. Barbara, CA, USA) operated in
constant amplitude mode. A multilayer of nanoparticle is
obtained by drop casting and aliquot of water suspension
on a disc of freshly cleaved muscovite mica (Electron
Microscopy Sciences, Hatfield, PA, USA) and the solvent is
allowed to slowly evaporate. Images are then subjected to
flattening using the microscope constructor software.
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Figure 1: AFM images of sample DV3 (a) and MD particles (b) [34].

Thermogravimetric analysis (TGA) was performed with
a Mettler-Toledo TGA/SDTA851e at a scanning rate of
10◦C/min from room temperature up to 1100◦C under
nitrogen flow. The solid content of latex dispersions was
determined by TGA. Differential scanning calorimetry
(DSC) was carried out using a Mettler-Toledo DSC 821
apparatus. Samples of about 5 mg were employed. The
instrument was calibrated with high purity standards at
10◦C·min−1. Dry nitrogen was used as purge gas.

Reactive Ion Etching (RIE) was performed in oxygen
plasma, at an operative pressure of 3.0E-1 mbar, flux of 80
sccm, 80 W RF power, with etching time ranging from 20 to
120 seconds.

Transmittance (T) and reflectance (R) spectra were
recorded with Avantes Avaspec-2048 compact spectrometers
(230–1100 nm spectral range, ∼1.4 nm spectral resolution).
Light from a combined deuterium/tungsten-halogen lamp
was guided by an optical fiber to a proper collimating
optics (spot diameter variable in the range 0.5–5 mm) on
the sample, which is mounted on a goniometer. Transmitted
light was collected and driven by another optical fibers to the
spectrometer. Normal incidence reflectance was measured on
six different 2 mm diameter spots by a Y reflection probe
bundle fiber. Light was linearly polarized by using a Glenn-
Thompson Halbo Optics polarizer. All details on the optical
set-up are reported in [41].

3. Results and Discussion

3.1. Synthesis. PTFE latexes with different size and shape
were prepared by microemulsion polymerization and
employed as seeds in the successive emulsifier-free seeded
emulsion polymerizations. In particular, BPM, BP44, DV2,
MD, D60, and D60G latexes consist of spherical particles
with average diameters of 20, 26, 33, 41, 130, and 240 nm
whereas DV3 consists of rod-like particles with an equivalent
radius of 62 nm and an axial ratio of 3.2 (Table 1). As typical
examples, Figure 1 reports the AFM images of samples MD

and DV3. As the presence of the residual surfactant deriving
from the TFE microemulsion polymerization could interfere
with the successive emulsifier-free seeded emulsion polymer-
ization, all the PTFE latexes were thoroughly dialyzed. At the
end of the purification process, the conductivity of all the
PTFE latexes was lower than 150 μS/cm.

The emulsifier-free seeded emulsion polymerizations of
the various monomers including styrene, methylmethacry-
late, and the acrylic mixtures C1 and C2 were performed
by adding appropriate amounts of the PTFE latex and
monomers into deionized water and running the reactions at
75◦C for 24 hrs using potassium persulfate as the free radical
source. At the end of the reaction, the latexes were purified
by repeated dialyses. In all the polymerization reactions,
monomer(s) and potassium persulfate as well as the water
content were kept constant, whereas variations were allowed
in the amount of PTFE. Under these conditions, the initial
PTFE weight percent with respect to monomer(s), and PTFE
was varied from 0.25 to 90%. No gel trace or polymeric
gross aggregates were found in all cases. Nearly quantitative
monomer conversion and nanosphere yield were obtained.
The final latexes are very stable (up to two years).

3.2. Size and Size Distribution of the Core-Shell Particles.
Figure 2 reports the SEM micrographs of samples D60GS1,
MDS3, BPM7, and DV2M1.

Although these samples are prepared starting from
PTFE seeds differing in their size and using styrene or
methylmethacrylate as the shell-forming monomer(s), in all
cases they feature a quite narrow size distribution.

The composition of all the samples can be easily
estimated from the TGA analysis, as reported in Figure 3
for typical samples. In all the thermograms, there are
two main losses. The lower temperature loss is associated
to the degradation of the shell-forming polymers which
occurs at 410◦C (midpoint) for polystyrene, at 350◦C for
polymethylmethacrylate, and at 390◦C for the two acrylic
mixtures C1 and C2 whereas the weight loss at 570◦C
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Figure 2: SEM micrographs of samples D60GS1 (a), BPM7 (b), DV2M1 (c), and MDS3 (d) [34, 35].

corresponds to PTFE decomposition. The composition of
the various samples is in excellent agreement with the one
calculated from the amount of the initially added PTFE and
monomer or comonomeric mixtures.

The size and size distribution of the various samples were
studied using a combination of SEM, AFM, and PCS analysis.
Figure 4 reports typical PCS curves for MDSn series and,
for comparison purposes, the PCS curve of the MD latex.
No residual PTFE deriving from MD latex is present in the
various samples, thus indicating that PTFE is highly efficient
as seed in the styrene polymerization.

Figure 5 reports the SEM images for series MDSn as well
as the size distribution, including the uniformity ratios U
[42] whereas Figure 6 illustrates the trend of the particle
diameter and the uniformity ratio as a function of the
S/PTFE weight ratio.

Over the entire S/PTFE range, the particle size increases
as the S/PTFE ratio increases indicating that secondary
nucleation was prevented with all the monomer ending up as
shell polymer. In addition, the uniformity ratio U decreases
regularly as the ratio S/PTFE increases.

The described trend is observed in all the sample series
prepared starting from the various PTFE seeds and using
styrene or methylmethacrylate. To make a homogeneous
comparison, the size and U data are plotted as a function of
the ratio between the amount of styrene or methylmethacry-
late and the number of PTFE particles in the reaction
mixture. Figure 7 illustrates the various data.

For both monomers, the size and uniformity ratio trends
are very similar. The particle size increases as the ratio
between the amount of monomer and the number of PTFE
particles increases whereas the relevant size distribution
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decreases. Provided that no pure PMMA and PS or PTFE
nanospheres are present at the end of the reaction, and
taking into account the yield values, the size of the core-
shell nanospheres can be estimated from the amount of the
initially added PTFE and the relevant monomer. In all cases,
the estimated size is in close agreement with the observed
one. This indicates that over the entire monomer/PTFE
range, secondary nucleation was prevented with all the
monomer ending up as shell polymer. The inhibition of the

secondary nucleation suggests that the PTFE seed particles
are able to capture all the unstable nuclei produced in
the system even at very high monomer/PTFE ratios, thus
avoiding the formation of stable secondary particles. A direct
consequence of this observation is that particle size versus
S/PTFE curve is superposable to the particle size versus
M/PTFE curve. The overall picture of these data clearly
indicates that a very precise control over the particle size
and size distribution can be exerted by properly adjusting the
ratio between the monomer and the PTFE seed.

It is also interesting to speculate about the ten-
dency toward an increasing size uniformity as the ratio
monomer/seed increases. During Smith-Ewart Interval II
[19], the growing mechanism involves diffusion of monomer
from the droplets to the particles and the growing probability
appears related to the latex particle surface area. Conse-
quently, bigger particles should display a growing probability
higher than smaller particles. However, this mechanism
would ultimately lead to an increase in the size distribution,
in contrast with the experimental observations. We suggest
that the thermodynamic tendency toward a reduction of the
surface to volume ratio could produce an increased tendency
of the smaller particles to absorb the monomer with respect
to the bigger ones thus ultimately leading to size uniformity,
provided that the monomer to seed ratio is sufficiently high.
This suggestion is also in agreement with the competitive
growth mechanism [19] of latex particles which indicates
that small latex particles grow faster in size than larger ones,
thus leading to narrow size distribution, when the particle
size is lower than the critical value of 150 nm whereas the
opposite occurs when the particle size is much larger than
150 nm. This general behavior is also very similar to the one
described [43] for the seeded dispersion polymerization of
methylmethacrylate using PMMA submicron seeds. In that
system, the final number of particles was nearly the same
as the initial number of seed particles thus allowing the
final particle size to be precisely controlled leading to the
target particle size with excellent reproducibility. In addition,
although no explanation was given, a self-sharpening of
the size distribution was also observed with increasing the
monomer to seed ratio.

Similar results can be obtained in the case of the seeded
polymerization of the two acrylic mixtures C1 and C2
starting from the MD PTFE seed. As a typical example,
Figure 8 reports the AFM image of sample MDC1-3.

No residual MD latex is present in the various samples
and monomodal and narrow size distribution of the latex
particles are generally obtained. However, the particle size
estimated assuming the presence of core-shell nanospheres
only and quantitative yield is definitely lower than the core-
shell particle diameters observed for series MDC1n and
MDC2n (Figure 9).

In addition, the size of samples belonging to MDC1n
series is always higher than the one of the corresponding
samples of MDC2n series. These two observations suggest
that in both sample series the shell is swollen in water
possibly due to the presence of the ionic and pH-sensitive
methacrylic acid units. The swelling degree appears lower
for series nMDC2 due to the presence of butylacrylate units
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Figure 5: SEM micrograph of samples MDS1 (a), MDS2 (b), MDS3 (c), MDS4 (d), MDS6 (e), and relative diameter distribution (f),
(unpublished data).
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which are less hydrophilic than methyl- or ethylacrylate
units which constitute the shell of nMDC1 series. PCS
measurements confirmed this hypothesis and indicated a pH
dependence of the particle size. This effect could be employed
to produce 2D ordered layers with distinct periodicities
by assembling the core-shell particles after equilibration at
different pH values.

3.3. Thermal Behavior. The thermal behavior of the various
samples was studied by combined differential scanning
calorimetry and thermogravimetric analysis. Figure 10 illus-
trates the DSC heating and cooling traces of various sample
in which the shell is constituted by PMMA, C1, and PS.
The same figure reports the DSC traces of the seed MD,
as a typical PTFE sample. In all the core-shell samples, at
low temperature a step can be observed, due to the glass
transition of the shell-forming polymer whereas, at high
temperature, an endothermic transition is present, attributed
to the PTFE melting. The crystallization of MD sample, at
−10◦C/min cooling rate, is observed at 310◦C in agreement
with literature data [44]. In contrast, the crystallization of
PTFE cores in the three core shell samples occurs at 270◦C.
This peculiar crystallization behavior, recently described and
thoroughly discussed [45] for a series of PTFE/PMMA core-
shell nanoparticles, and also observed in PTFE blends with
polyamides [12, 13], can be rationalized within the frame
of the fractionated crystallization mechanism [46]. It is a
characteristic of crystalline polymers to exhibit multiple
crystallization transitions when dispersed as small particles
[46] as may occur in some polymer blends [47, 48] or
microphase separated in block copolymers [49]. In these
cases, the number of the dispersed particles is much greater
than the number of heterogeneities that usually nucleate
the polymer in bulk. Then, the polymer crystallization
occurs in one or more stages reflecting the nucleation
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Figure 7: Particle size (d, fully symbols) and uniformity ratio (U,
open symbols) as a function of the initial mol of monomer/PTFE
particle number ratio for styrene (a) and methylmethacrylate (b):
BPM (�), BP44 (•), MD (�), D60 (�), and D60G (�), [31, 32, 34–
36].

by different heterogeneities and consequently activated at
different degrees of undercooling. The particles that do
not contain a heterogeneity eventually nucleate through
homogeneous nucleation, at the largest undercooling. In
the present case, due to the compartmentalization of PTFE
within the core-shell nanospheres, the number of the
dispersed PTFE particles is much greater than the number
of heterogeneities that usually nucleate the polymer in bulk.
In these conditions, only one crystallization component
at very high undercooling is observed, possibly deriving
from the homogeneous nucleation mechanism. In turn, the
observation of the single low-temperature crystallization
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Figure 8: AFM image and 2D Fourier spectrum (inset) for the
MDC1-3 specimen. Tapping-mode AFM image obtained from
a film of core-shell nanoparticles that has been obtained from
solvent evaporation on a drop-casted spread on a freshly cleaved
muscovite mica disc. Heights are coded in shades according to
the reported colour bar. The 2D Fourier transform of the central
portion of the image (in the inset) shows the six intensity peaks
denoting periodicity and hexagonal compact structure of the film
with a periodicity of approximately 300 nm (correspondent to the
measured average interparticle distance) [33].

exotherm can be viewed as a proof for the occurrence of a
perfect dispersion of the PTFE seeds.

It should be observed that the melting of PTFE occurs at
a temperature at which the shell forming polymers undergo
thermal degradation. In fact, Figure 11 reports a series of
successive DSC heating and cooling curves for sample. In the
first cooling curve only the crystallization at 270◦C can be
observed whereas in the successive cooling traces the PTFE
crystallization is structured into two components but it is
apparent that the relative intensities of the peaks is different
from the previous cooling curve. In particular, the intensity
of the crystallization peak at 310◦C increases whereas the
opposite occurs for the crystallization component at 270◦C.

This phenomenology is related to the parallel thermal
decomposition of the PMMA shell which occurs through
the well-known mechanism of random chain scission and
followed by depropagation [50–52]. The unzipping and loss
of the MMA allow the PTFE seeds to coalesce (Scheme 3).

The resulting increase in the PTFE domain size increases
in turn the crystallization propensity of PTFE as demon-
strated by the appearance and progressive growth of the
PTFE crystallization component at 310◦C.

3.4. 2D and 3D Colloidal Crystals. Several experiments were
performed to obtain ordered 2D and 3D colloidal crystals.
In particular, 2D colloidal crystal of spheres was formed by
the floating technique [37–39], on the air liquid interface
and then lifted on the surface of a solid substrate. Ordered
monolayer samples of BPMS-3 underwent Reactive Ion
Etching (RIE), a physical-chemical dry etching technique
widely used in silicon technology to remove material in
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[33, 34, 36].
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Scheme 3: Decomposition of PMMA and PTFE seeds coalesce for a
sample subjected to DSC heating-cooling cycles.

excess during microfabrication processes. The RIE was
performed in oxygen plasma, at an operative pressure of
3.0E-1 mbar, flux of 80 sccm, 80 W RF power, at different
etching time ranging from 20 to 120 seconds, as illustrated
for a typical preparation in Figure 12.

Once subjected to RIE treatment, the nanospheres start
reducing in size but the 2D structuring is not lost possibly
because of the ionic anchoring of the negatively charged
particles to the silicon surface. As the RIE time increases,
the particle size decreases but the 2D ordering does not
appear substantially perturbed. As the final particle size after
80 s RIE time is about 35 nm. This value represents the
smallest 2D nanostructuration obtained by RIE [53] for the
preparation of masks with a combination of nanosphere
lithography and reactive ion etching.

3D colloidal crystals were prepared starting from various
MDMn latexes. The corresponding opals, named OMDMn,
were composed of flat domains with the [111] direction
of the face-centered cubic lattice of spheres perpendicular
to the glass substrate. The evolution of the stop band
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was studied both by reflectance spectra and transmittance
spectroscopy at varying angles of incidence and as a function
of polarization.

Figure 13 shows the SEM image of the opal OMDM1
and the corresponding near normal incidence reflectance
spectrum.

The main reflectance peak is assigned to the Bragg peak
due to the pseudogap along the ΓL (111) crystallographic
direction of the FCC colloidal crystal. The spectral position
of the stop band is determined only by the lattice spacing and
the refractive index of composing materials [54]. A simple
analytical form for the Bragg peak position, widely adopted
for opals, is provided by the Bragg-Snell law [55]:

mλB = 2D
√
n2

eff − sin2θ, (1)

where m is the diffraction order, D, the interplanar spacing;
neff, the effective refractive index of the PhC, and θ the
incidence angle. In the case of a close packed FCC lattice,
D = (2/3)0.5d.

Additional features are observed in the reflectance spec-
trum below 400 nm. These peaks are a consequence of the
complex opal photonic band structure occurring at energies
higher than the pseudogap (corresponding to m = 2 and
3 in the Bragg-Snell law) and due to light diffraction along
directions different from the incident one [56, 57]. The
final characteristic of the spectrum is the presence on its
background of an extended Fabry-Perot-like interference
fringes pattern indicative of the optical quality of the opals,
which can be used to determine the sample thickness as
soon as the neff of the system is known [55]. In order to
determine neff angle resolved spectroscopy combined with a
fitting procedure through (1) is useful (see below).

Indeed, it is well known that the opal photonic band
structure depends both on the wave vector of light and its
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Figure 12: SEM micrographs of sample BPMS-3 after different RIE times: 0 s (a), 80 s (b) [32].
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Figure 13: SEM micrograph (a) and reflectance spectrum of opal OMDM1 sample (b) [36].

polarization [56, 58, 59]. All these properties are also strongly
dependent on the opal quality, which is a direct consequence
of the monodispersity of colloids used for their growth. In
order to probe the quality of the opals, a characterization
of the opal by incidence-angle-dependent transmittance
spectroscopy for both P (parallel to plane of incidence) and
S (perpendicular to the plane of incidence) polarization
was performed. The advantage of the angular-dependent
measurements is to clearly show the dispersive and polarized
optical properties of the opals. In order to show these
effects, in Figure 14 the transmittance spectra recorded at
different incidence angles (from 0 to 54◦) are reported for
the OMDM1 opal for S (a) and P (b) polarization and with
vertical orientation of the sample (vertical means that the
direction of meniscus displacement during the growth is
vertical with respect to the lab floor).

The stop band at θ = 0◦ is observed as a minimum
at about 625 nm, which shifts towards lower wavelengths
upon increasing θ. Upon fitting these data with (1) and by
assuming that the interplanar spacing is determined only by
the sphere diameter, a value of neff = 1.32 is obtained [36].

At about 350 nm, an additional structure having an
opposite dispersion is instead observed, merging at about 40◦

with that of the main stop band and then crossing it. Addi-
tional structures, almost dispersiveless, are also observed
below 400 nm. These complicate dispersive structures are
strongly dependent on light polarization (more evident for
P polarization) but are not characteristic of the nanosphere
material since already observed for both polystyrene [56]
and silica opals [60]. Finally, we notice that the full width at
half maximum (FWHM) of the stop band becomes slightly
anisotropic upon increasing the incidence angle. All these
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Figure 14: Transmittance spectra of OMDM1 opal as a function of the incidence angle from 0 to 52◦ for S (a) and P (b) polarized light [36].

features are in full agreement with theoretical calculations
[56, 60] thus demonstrating the high optical quality of these
opals and, as a consequence, of polymer nanospheres [36].

4. Conclusion

Polytetrafluoroethylene (PTFE) latexes with particles in the
submicrometer size range can be successfully employed
as seeds in the emulsifier-free emulsion polymerization of
various monomers including styrene, acrylic mixture, or
methyl methacrylate or thus leading to a wide variety of
core-shell nanosphere architectures. The seeded surfactant-
free emulsion polymerization technique reveals an efficient
process to prepare monodisperse latexes because the final
number of particles was nearly the same as the initial number
of seed particles thus allowing the final particle size to
be precisely controlled leading to the target particle size
with excellent reproducibility. In addition, a self sharpening
of the size distribution was also observed with increasing
the monomer to seed ratio. As a consequence of the high
PTFE compartmentalization, a fractionated crystallization
behaviour was observed in which the only PTFE crystal-
lization process occurs at very high undercooling, possibly
deriving from the homogeneous nucleation mechanism.

These core-shell particles can be employed as very
efficient additives able to provide blends featuring a perfect
dispersion of PTFE particles provided that the shell is

constituted by the same polymeric material with which
the polymer matrix is made up. In addition, due to the
excellent control over the particle size and distribution,
these nanoparticles are excellent building blocks for colloidal
crystals and other nanostructured materials. In particular,
2D colloidal crystal of spheres leads to the smallest 2D
nanostructuration for the preparation of masks with a
combination of nanosphere lithography and reactive ion
etching. 3D colloidal crystals were also obtained featuring
excellent opal quality, which is a direct consequence of the
monodispersity of colloids used for their growth.
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Polyaniline core decorated with TiO2 (PANI-TiO2) nanocomposite particles was successfully synthesized in ionic liquid/water
(IL/water) microemulsion in the presence of anatase TiO2 nanoparticles. The TiO2 nanoparticles had been dispersed beforehand
in OP-10 and n-butanol to weaken the strong particles agglomeration of TiO2. The PANI-TiO2 nanocomposites were characterized
by fourier transform infrared spectroscopy (FTIR), ultraviolet visible spectroscopy (UV-Vis), scanning electron microscopy
(SEM), and transmission electron microscope (TEM), and their electrochemical behavior was estimated by the electrochemical
workstation. SEM micrographs showed that the nanocomposites exhibited spherical morphology with particle sizes about 70 nm.
The TEM result showed that the PANI-TiO2 nanocomposites had a novel structure and that nanocrystalline TiO2 deposited onto
the surface of PANI, which was different from the reported structure of TiO2-PANI nanocomposites. Both FTIR and UV-Vis
spectra indicate that polyaniline and nano-TiO2 particles are not simply blended or mixed up. A possible reaction mechanism for
this nanocomposite preparation is suggested and analyzed.

1. Introduction

Organic-inorganic nanocomposites for synergetic behavior
and a wide range of potential use have triggered great interest
and concern of the related academic organizations and re-
searchers over the past decade [1–4]. Specifically, core-shell
structures nanocomposites of organic conjugated polymers
and inorganic nanocrystals have attracted great attention due
to a large number of potential applications such as photonics,
photoelectronics, and catalysis [5]. Among the conducting
polymers, conducting polyaniline (PANI) is often used as
an organic part to prepare nanocomposites because of its
low cost, easy preparation, controllable unique properties
by oxidation and protonation state, excellent environmental
stability, and potential application in electronic devices [6].
A number of different metal oxide particles have so far been
encapsulated into the shell of polyaniline giving rise to a
host of nanocomposites. Du et al. [7] reported an Ag-PANI

core-shell structure via one-pot redox reaction in ethanol at
250◦C. The obtained Ag-PANI core-shell particles are with a
large Ag core of the size of about 200 nm and relative thin
polyaniline shell of the thickness of about 50 nm. Lei [8]
successfully prepared Au-polyaniline nanocomposites with
core-shell structure on ITO conducting electrode based on
4-aminothiolphenol-capped Au nanoparticles via electro-
chemical synthesis, and the Au nanoparticle with a mean
diameter of ca. 250 nm is the core of the nanocomposite and
the polyaniline is the shell wrap of the Au nanoparticle. The
CeO2-polyaniline (CeO2-PANI) core-shell nanocomposites
prepared via chemical oxidation of aniline by CeO2 were
reported by Chuang and Yang [9]. Jing et al. [10] successfully
synthesized Ag-polyaniline core-shell nanocomposites via in
situ chemical oxidation polymerization of aniline based on
mercaptocarboxylic-acid-capped Ag nanoparticle colloid. Yu
et al. [11] prepared carbon nanotube-polyaniline core-shell
nanowires by in situ inverse microemulsion. Nanocompos-
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ites of “egg-like” cores and shell ranging in diameter from 40
to 80 nm and 60 to 120 nm, respectively, have been prepared
successfully using hexadecyl trimethyl ammoniumbromide
(CTAB) microemulsion by Asim et al. [12]. Nanosized ti-
tania, because of its unique physicochemical properties [13–
16], is frequently combined with polyaniline. Zhang et al.
[17] synthesized PANI-TiO2 composite microspheres with
an average diameter 2.5–3.5 μm by a template-free method in
the presence of salicylic acid as dopant. The PANI-TiO2 com-
posites are typical core-shell structure, PANI-coated crys-
talline TiO2. A polyaniline-nano-TiO2 composite [18] was
prepared by polyaniline for the surface modification of nano-
TiO2 particles, forming a core-shell structure.

There are many researches on the core/shell-metal
oxide/polyaniline structures, but the structures of polyani-
line core decorated with metal oxide are seldom investigated.
As is known, the octahedrite-type TiO2 has better chemical
properties and photon characteristics, due to its good ab-
sorbability and lower electron/holes recombining rate [19].
The ultraviolet excitation (wavelength <380 nm) can over-
come the energy gap of pristine titanium dioxide for phot-
ocatalysts for electrons to jump to conduction band to form
the electron-hole pair. The formed holes and electrons can
oxidize and reduce the H2O, OH−, or O2 adsorbed on the
surface of TiO2 to living free radicals, which can deteriorate
the organic materials or undesired pollutants that adsorbed
on the surface of TiO2 catalyst resulting in generating non-
poisonous CO2, H2O, and some inorganic products.
However, for TiO2 core-PANI shell composites, because
of package action of polyaniline, photon absorption of
TiO2 nanoparticles is blocked and the living free radicals
generated from holes and electrons are hard to trans-
fer onto the surface of polyaniline to oxidize organic
materials; moreover, the living free radicals may react
to the polyaniline in course of transfer. Thus, in fact,
the photoelectric capabilities of TiO2 are bated after
being enwrapped by polyaniline. Hereby, polyaniline core
decorated with TiO2 (PANI-TiO2) nanocomposite par-
ticles makes it possible to develop the properties of
TiO2.

Ionic liquids (ILs) are organic salts with low melting
points [20] and have a stable liquid range temperature of
over 300◦C. Typical ILs have unusual properties including
nonvolatility, nonflammability, wide electrochemical win-
dows, higher ionic conductivity, and excellent thermal and
chemical stability. More recently, synthesis of PANI has been
advocated by electrochemical [21] and interfacial [22] poly-
merization in ILs. All of the PANIs exhibit excellent physical
and chemical properties. Another potential advantage of syn-
thesis in ILs is their unique solvent capabilities, which can
avoid organic solvent volatilizing.

Microemulsions are thermodynamically stable disper-
sions of two or more immiscible liquids that are stabilized
by an adsorbed surfactant film at the liquid-liquid interface.
They are an effective method to prepare nanoparticles, na-
nowires, and nanorods [23]. Furthermore, it has been dem-
onstrated that ILs could substitute water or conventional or-
ganic solvents to form novel microemulsion systems in the
presence of surfactant, and these novel microemulsions

incorporate the advantages of ILs and microemulsion [24–
26]. Our research group has successfully prepared PANI
nanoparticles in IL/water emulsion systems [27, 28].

In the present study, a polyaniline core decorated with
TiO2 (PANI-TiO2) nanocomposite was prepared in a micro-
emulsion comprised of deionized water as the continuous
aqueous phase and an oil solution including aniline and
hydrophobic IL 1-butyl-3-methylimidazolium hexafluoro-
phosphate ([bmim]PF6) as the dispersed phase in the pres-
ence of anatase TiO2 nanoparticles. The TiO2 nanoparti-
cles were dispersed beforehand in OP-10 and n-butanol.
The nanocomposites were characterized by fourier trans-
form infrared spectroscopy (FTIR), ultraviolet visible spec-
troscopy (UV-Vis), scanning electron microscopy (SEM),
and transmission electron microscope (TEM). Moreover, the
possible reaction mechanism for the preparation of PANT-
TiO2 nanocomposite is investigated here.

2. Experimental

2.1. Materials. IL 1-butyl-3-methylimidazolium hexafluoro-
phosphate ([bmim]PF6) was prepared as described in the
literature [29]. Nanocrystalline TiO2 (anatase <10 nm) was
synthesized based on a sol-gel technique as described in
the previous procedure [30]. Aniline, n-butanol, ammonium
persulfate (APS), nitric acid, and other chemicals were ana-
lytical grade (Sinopharm Chemical Reagent Co., Ltd)
and were used as received. The emulsifier nonylphenol
ethoxylates (OP-10) was obtained from 3W Industry Co.,
Ltd. All aqueous solutions were prepared with deionized
water.

2.2. Synthesis of Polyaniline Core Decorated with TiO2 (PANI-
TiO2) Nanocomposite. The polyaniline core decorated with
TiO2 (PANI-TiO2) composites was synthesized in micro-
emulsion system via in situ chemical oxidative polymeriza-
tion in the presence of TiO2 nanoparticles, and the pro-
cedure was as follows: Firstly, hydrophobic IL [bmim]PF6

(2 mL)/aniline (1 mL) mixture was added into the OP-10
(13 mL)/n-butanol (3 mL)/HNO3 (87 mL (0.115 mol·L−1))
solution; after the mixture was stirred for 1 h under magnetic
stirring, a dispersion of TiO2 nanoparticles (TiO2: aniline =
25 wt%) in a mixed solution of 3 mL OP-10 and 2 mL n-
butanol was in one time introduced into the mixture; after
another 1 h of magnetic stirring, a transparent oil-in-water
microemulsion was obtained. Then, the polymerization was
initiated by adding 6 mL of 3 mol·L−1 APS aqueous solu-
tion into the above microemulsion droplet within 30 min
under magnetic stirring. The polymerization was allowed to
proceed for 4 h under stirring. Finally, the obtained sap-
green polyaniline core decorated with TiO2 (PANI-TiO2)
nanocomposite powder was filtrated and rinsed with acetone
and water repeatedly and then dried in vacuum at 55◦C
for 24 h. For comparison, polyaniline nanoparticles were
also prepared under the same condition, but without TiO2

nanoparticles added.

All the experimental procedures proceeded at room
temperature except the drying of samples.
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2.3. Characterization. The morphology of nanocomposites
was examined by a JSM-6700F scanning electron micro-
scope (SEM) and a JEM-3010 high-resolution transmission
electron microscope (TEM). Fourier transform infrared
(FT-IR) spectra were recorded on a Perkin Elmer Fourier
transform infrared spectrometer. The ultraviolet visible (UV-
vis) absorption spectra were recorded on a LabTech UV-
240 spectrophotometer. Cyclic voltammetric studies of PANI
and nanocomposites were performed by using an Iviumstat
electrochemical working station (Ivium Technologies BV).
A one-compartment cell was used with a platinum mesh
as counter electrode and a saturated calomel electrode
(SCE) as reference electrode. The electrolyte was com-
posed of 1 mM·L−1 K3Fe(CN)6, 1 mM·L−1 K4Fe(CN)6 and
0.2 mol·L−1 NaCl. The scan speed was 0.1 V·s−1, and the
potential range was from −200 mV to 600 mV. A certain
volume of PANI or nanocomposite ethanol solution was
added dropwise by an injector to the surface of graphite
disk (0.7 cm2). After having been dried in air at room
temperature, the PANI/graphite or nanocomposite/graphite
electrode was used as the working electrode.

3. Results and Discussion

3.1. A Possible Reaction Mechanism for PANI-TiO2 Nanocom-
posite. Figure 1 shows a supposed model describing a pol-
yaniline core decorated with TiO2 (PANI-TiO2) nanocom-
posite formation via microemulsion polymerization. There
are plenty of surface hydroxyl groups on the surface of
TiO2 nanoparticles, which are produced from the adsorbed
water molecules on the surface of TiO2 nanoparticles.
The hydrogen bonding interactions between the surface
hydroxyl groups and the ether groups in OP-10 or the
hydroxyl groups in n-butanol make it possible to weaken the
strong particles agglomeration of TiO2 and thus to form a
dispersion of TiO2 nanoparticles. When the above dispersion
is added into the (IL+An)/water microemulsion, under the
traction of lipophilic groups of OP-10 and n-butanol, the
dispersed TiO2 nanoparticles adsorb onto the surface of
the microemulsion micelles to form core-shell-type nanomi-
celles. Afterwards, the polymerization is initiated by APS,
during which some chemical bonds generate between TiO2

and polyaniline chain which are stronger than the hydrogen
bonds between the surface of TiO2 and hydrophilic groups
of OP-10 or n-butanol. After the polymerization ends, OP-
10, n-butanol and IL can be washed down; finally, the
polyaniline core decorated with TiO2 nanocomposite are
prepared.

3.2. FTIR and UV-Vis Spectra of PANI-TiO2 Nanocomposites.
The FTIR spectra of anatase TiO2 nanoparticles, PANI,
and PANI-TiO2 nanocomposite are shown in Figure 2,
respectively. From Figure 2(a), the broad peak from 400 to
700 cm−1 is the characteristic band of TiO2. The characteris-
tic bands of PANI (Figure 2(b)) are assigned as follows: the
band at 3413 cm−1 is attributable to N–H stretching mode;
C=N and C=C stretching modes for the quinoid and ben-
zenoid rings occur at 1585 cm−1 and 1504 cm−1; the bands at
about 1288 cm−1 and 1244 cm−1 have been attributed to C–

N stretching mode for the benzenoid ring, while the band
at 1101 cm−1 is assigned to an in-plane bending vibration
of C–H (mode of N=Q=N, Q=N+H=B and B–N+H–B),
which is formed during protonation [31]. It is evident that
the FTIR spectrum of the PANI-TiO2 composite shown in
Figure 2(c) contains contributions from both anatase TiO2

and PANI. However, some bands of PANI have shifted
due to interactions with anatase TiO2 nanoparticles. For
example, the bands at 1585 cm−1, 1504 cm−1, and 1288 cm−1,
corresponding to the stretching mode of C=N, C=C, and C–
N, all shift to lower wavenumbers, and N–H stretching band
at 3413 cm−1 shifts to higher wavenumber. Similarly, the
band at 1101 cm−1 also shifts to 1120 cm−1. These changes
suggest that C=N, C=C and C–N bands become weaker in
PANI-TiO2 nanocomposite, while the N–H band becomes
stronger. This is probably because of the action of hydrogen
bonding between the surfaces of anatase TiO2 nanoparticles
and the N–H groups in PANI macromolecules. The results
confirm that there is strong interaction between the PANI
and nanocrystalline TiO2, and the presence of anatase TiO2

nanoparticles prompts the doping of PANI.

The UV-Vis absorption spectra of anatase TiO2, PANI
and the PANI-TiO2 composite are shown in Figure 3. Clearly,
the resulting PANI-TiO2 composite can strongly absorb not
only the near ultraviolet light but also the visible light,
whereas the TiO2 can absorb light with wavelengths below
250 nm only. As shown in Figure 3, we can clearly observe
the characteristic bands of polyaniline at 366–373 nm and
535 nm, which are attributed to π-π∗ transition of benzenoid
ring, polaron-π∗, respectively [32]. Specifially, the absorp-
tion peaks of the PANI-TiO2 nanocomposite at characteristic
peaks of PANI become stronger; moreover, the characteristic
absorption peak at 535 nm becomes unconspicuous because
of being covered by a new absorption peak at 680 nm in
visible region. This result further proves that it is not a simple
mixing action between the PANI and nanocrystalline TiO2,
and the resulting PANI-TiO2 nanocomposite could have a
potential use as photocatalysis material.

3.3. Electrochemical Characteristics of PANI-TiO2 Nanocom-
posite. The electrochemical characteristics of different sam-
ples were also investigated in relevant electrolyte. Cyclic
voltammograms (CVs) of PANI and PANI-TiO2 nanocom-
posite are shown in Figure 4. The reversible CV curves are
observed obviously, which is related to the electrochemical
probe of Fe(CN)6

4−/Fe(CN)6
3−. Although both shapes seem

to be similar to each other, the oxidation and reduction
peak current density (3.13 mA·cm−2, −3.45 mA·cm−2) of
the PANI-TiO2 nanocomposite are higher than those of the
PANI (2.30 mA·cm−2, −2.70 mA·cm−2). The better electro-
chemical catalytic activity of the PANI-TiO2 nanocomposite
should be attributed to its special structure. When TiO2

nanoparticles are mixed into the RTIL/water microemulsion
under stirring, they assemble at the RTIL/water interface.
Moreover, nano-TiO2 exhibits electropositive properties in
the acidic medium. They can attract a lot of anions,
namely, nitrate ions, to assemble at the interface of the
microemulsion. The anions are doped into the PANI chains
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Figure 4: Cyclic voltammograms of different samples at a potential
scan rate of 50 mV·s−1. (a) PANI, (b) PANI-TiO2.

as counterions when the polymerization is processed. Thus,
the doping degree of the PANI-TiO2 nanocomposite is im-
proved, and a better electrochemical activity is exhibited.

3.4. Morphology of PANI-TiO2 Nanocomposite. The mor-
phology and particle sizes of PANI and PANI-TiO2 nano-
composite were determined by SEM and shown in Figure 5.
It can be found from Figure 5(a) that the PANIs exhibit
spherical morphology with particle sizes of about 50 nm,
while after combination with TiO2 the morphology of PANI-
TiO2 nanoparticles approaches spherical with particle size of
about 70 nm (Figure 5(b)). It implies that TiO2 nanoparticles
enwrap the polyaniline.

Figure 6 shows the typical TEM images of PANI and
PANI-TiO2 nanocomposite. It can be found that the
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Figure 6: TEM images of (a) PANI and (b) PANI-TiO2 (The insets are the selected area electron diffraction patterns and the X-ray diffraction
pattern of TiO2.)

polyaniline is amorphous in Figure 6(a), which has great
difference from Figure 6(b). Figure 6(b) gives the TEM image
of the polyaniline core decorated with anatase TiO2 shell
nanocomposite. One can find that the polyaniline with a
mean diameter of about 50 nm is the core of the nano-
composite and the TiO2 nanoparticles deposit onto the
surface of the polyaniline, which is different from the re-
ported structure of TiO2-PANI nanoparticles that TiO2 is
wrapped by polyaniline. The diffraction pattern from the
edge of particles of PANI-TiO2 composite in Figure 6(b)
suggests that the TiO2 nanoparticles deposited on the surface
of polyaniline are typical anatase phase, and this agrees
well with the X-ray diffraction result of the separate TiO2

nanoparticle sample.

4. Conclusion

Polyaniline core decorated with TiO2 (PANI-TiO2) nano-
composite has been successfully prepared in IL/water
microemulsion in the presence of nanocrystalline TiO2 par-
ticles. TiO2 nanoparticles dispersed on the (IL + An)/water
interface could deposit uniformly onto the surface of PANI.
It is confirmed that the diameter of the resulted PANI-TiO2

nanoparticles is about 70 nm, and the interactions between
two components are strong. FTIR and UV-Vis spect-
ra indicate that polyaniline and nano-TiO2 particles are
not simply blended or mixed up, while the strong inter-
actions which exist at the interface of polyaniline macro-
molecules and nano-TiO2 particles need further investi-
gations in the future. CV curves show that the PANI-
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TiO2 nanocomposite has better electrochemical catalytic act-
ivity than PANI.

Therefore, it can be expected that PANI-TiO2 nanocom-
posite should be useful in photocatalysis and electrical and
electrochemical fields. Furthermore, this method is simple
and environmentally friendly and has a great potential for
the commercialization of the technology.
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A novel core-shell structure of silicon nanorods/carbon nanotubes (SiNRs/CNTs) is developed for use in field emission cathodes.
The CNTs were synthesized on SiNRs, using the Ag-assisted electroless etching technique to form the SiNRs/CNT core-shell
structure. This resulting SiNRs/CNT field emission cathode demonstrated improved field emission properties including a
lower turn-on electric field Eon (1.3 V/μm, 1 μA/cm2), a lower threshold electric field Eth (1.8 V/μm, 1 mA/cm2), and a higher
enhancement factor β (2347). These superior properties indicate that this core-shell structure of SiNRs/CNTs has good potential
in field emission cathode applications.

1. Introduction

Carbon nanotubes (CNTs) have unique physical and chem-
ical properties such as a high aspect ratio, small radius of
curvature, exceptional chemical inertness, excellent environ-
mental stability, and high mechanical strength [1–5]. Given
their high field emission current density at low electric field
and highly stable current, CNTs can be applied to field emis-
sion cathodes [6]. However, the field emission properties of
densely packed CNTs are affected by the field-screening effect
among neighboring nanotubes [7]. Patterning the alignment
of CNTs has been found to improve field emission properties
[8–11]. Combining CNTs and other nonplanar substrates
has also been used to improve field emission properties,
for example, on tungsten tips [12], nanocrystalline diamond
films [13], and silicon nanostructures [14–17]. CNTs have
been grown on the top of silicon nanowires (SiNWs),
performing the Eon of 2 V/μm (10 μA/cm2) [15]. These
structures could be used to effectively improve field emission
properties. CNT field emission cathodes can be fabricated
by various methods such as direct growth, electrophoresis,

screen printing, the spray method, and composite plating
[18–22].

In this work, the CNTs were grown directly onto the
SiNRs, forming the core-shell structure of a SiNRs/CNTs
field emission cathode by thermal chemical vapor deposi-
tion. Investigation of the field emission properties of SiNRs,
CNTs, and the SiNRs/CNTs field emission cathode showed
that this core-shell structure of SiNRs/CNTs improves the
cathode field emission properties.

2. Experimental

The SiNRs were synthesized on a p-type (1–10Ωcm, B
doped, 520 um) Cz silicon (100) wafer using the Ag-assisted
electroless etching technique [23]. First, the wafer was
cleaned ultrasonically for 20 min in both acetone and iso-
propyl alcohol. The cleaned silicon wafer was then immersed
in a mixture of 5 mol/L aqueous hydrofluoric acid (HF) and
0.02 mol/L silver nitrate (AgNO3) solution for 3 hours at
room temperature. Following the electroless etching process,
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Figure 1: Schematic diagram of the procedures for fabricating the
core-shell structure of SiNRs/CNTs field emission cathodes.

the high-density tree-like dendritic structures of silver films
were removed using 30 wt% HNO3 aqueous solution for 60 s.
Finally, the samples were rinsed with deionized water and air-
dried.

The as-prepared SiNRs and silicon substrate were
deposited with iron (Fe) catalyst layers and immediately
placed in a quartz tube furnace to grow CNTs. Furnace
conditions were 700◦C at atmospheric pressure with a mixed
gas of N2 and C2H2 (10 : 3) using the thermal chemical vapor
deposition method.

The surface morphologies of films were characterized by
field emission scanning electron microscopy (FESEM, JEOL
JSM-6700F, operated at 15 kV) and transmission electron
microscopy (TEM, Philips Tecnai F20 G2 FEI-TEM). The
bonding structures of CNTs were analyzed using micro-
Raman spectroscopy with excitation of spectrum 514 nm.
The field emission measurements were performed using
parallel-plate geometry with a gap of 150 μm between the
anode (copper) and the cathode (samples) in a vacuum
chamber with a base pressure of about 1 × 10−6 Torr. A
Keithley 237 was used to provide variable dc voltages and
collect electric current across the specimen, and the emission
measurement area was 10 × 10 mm2. Figure 1 schematically

10μm10μm
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10μm10μm
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Figure 2: SEM images of surface and cross-section morphology of
(a) SiNRs, (b) CNTs, and (c) SiNRs/CNTs.

diagrams the procedures for fabricating the core-shell struc-
ture of the SiNRs/CNTs field emission cathode.

3. Result and Discussion

Figure 2 shows the SEM images of the surface and cross-
section morphology of the SiNRs, CNTs, and SiNRs/CNTs
films. During the long etching time the silicon nanowires
(SiNWs) take on a bundled structure, which is attributed to
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Figure 3: TEM images of (a) SiNR, (b) CNT, and (c) core-shell structure of SiNRs/CNTs, and (d) schematic diagram of the SiNRs/CNTs.

the strong SiNWs van der Waals attraction [24]. As a result,
in this study, the SiNWs bundle structure is denominated the
SiNRs. The SiNRs are separated from each other and are held
perpendicular to the sample surface at an average height of
∼17 μm. A large quantity of highly aligned CNTs film was
deposited on the silicon substrate, as shown in Figure 2(b).
Ten min growth produces a CNTs film with a thickness of
∼26 μm. The physical deposition is limited to the nanoscale
which causes discontinuous deposition of the Fe catalyst
layer on the SiNRs. This suggests that the top of the SiNRs is
covered by a thicker Fe layer than their sidewalls and bottom.
Hence, the numerous entangled CNTs form the nest-shaped
assemblages of CNTs on the top of each SiNRs, and the CNTs
are also synthesized on the SiNRs side-walls to form a core-
shell structure, as shown in Figure 2(c).

Figures 3(a)–3(c) show the TEM images of SiNRs,
CNTs, and SiNRs/CNTs. Figure 3(b) shows a multiwall

nanotube with a hollow structure and reveals the well-
ordered lattice fringes of the nanotube. Figure 3(c) shows
that the SiNRs are surrounded by CNTs. Figure 3(d) shows
the magnified schematic diagram of the core-shell structure
of SiNRs/CNTs.

The Raman spectrum of CNTs typically has two char-
acteristic peaks at around 1350 and 1580 cm−1 [25]. The
1580 cm−1 peak can be identified as the G band of crystalline
graphite arising from its zone-center E2g mode. For graphite-
like materials with defects, the 1350 cm−1 peak is identified as
the D band, which is activated due to defects in and disorder
of the carbonaceous material. Thus, the smaller relative
intensity ratio of the D and G bands (ID/IG) implies a better
graphite structure and a higher degree of graphitization.
In comparison with the localized electrons in σ bonds on
CNTs, the delocalized electrons in the π orbital of the sp2

bond have a higher degree of mobility and are more easily
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emitted from CNTs [26]. Therefore, greater sp2 bonding
(i.e., lower ID/IG ratio) would improve the field emission
properties [27]. Figure 4 shows the Raman spectra of the
CNTs and the SiNRs/CNTs, with respective ID/IG ratios of
about 0.59 and 0.55. The core-shell structure does not affect
the graphitization of the CNTs, which makes them applicable
to field emission devices.

Figure 5 shows the current density-electric field (J − E)
plot and the corresponding Fowler-Nordheim (FN) plot.
According to the FN equation, the emission current density
J = A(βE)2 exp(−Bφ3/2/βE), where A and B are constants,
E is the applied electric field, β is the enhancement factor,
and φ is the work function of 5 and 4.15 eV for CNTs and
SiNRs, respectively [15, 28]. The respective Eon at a current
density of 1 μA/cm2 for the SiNRs, CNTs, and SiNRs/CNTs
field emission cathodes is 4.5, 2.4, and 1.3 V/μm. The
respective Eth at a current density of 1 mA/cm2 for CNTs and
SiNRs/CNTs field emission cathodes is 4.2 and 1.8 V/μm. The
respective enhancement factor β of the SiNRs, CNTs, and
SiNRs/CNTs field emission cathodes is estimated at about
1154, 1675, and 2347.

The field emission property with Eth of the core-shell
structure of SiNRs/CNTs is comparable to that found in
previous reports. Li and Jiang. deposited CNTs on a silicon
nanoporous pillar array prepared by hydrothermal etching
technique [16], which provided good field emission prop-
erties with the Eth about 1.9 V/μm. Qinke et al. synthesized
CNTs on the top of a SiNW array prepared by Ag-assisted
electroless etching [15], which showed the Eth at about
3.3 V/μm. CNTs only synthesized on the top of the SiNW
array, which failed to effectively enhance the field emission
properties. The SiNRs/CNTs field emission cathode shows
not only a high enhancement factor but also low Eon and low
Eth. The screening effect of densely packed CNTs produced
among neighboring nanotubes resulted in disappointing
CNTs field emission properties [29]. The core-shell structure

0 1 2 3 4 5 6 7 8

0

2

4

6

8

10

J
(A

/c
m

2
)

E (V/μm)

SiNRs

×10−4

CNTs
SiNRs/CNTs

(a)

SiNRs

×10−50 3 6 9

−24

−22

−20

−18

−16

−14

−12

−10

−8

ln
(J
/E

2
)

[(
μ

A
/c

m
2
)/

(V
/μ

m
)2

]

1/E (V/mm)

CNTs
SiNRs/CNTs

(b)

Figure 5: Field emission properties of the SiNRs, CNTs, and
SiNRs/CNTs cathodes: (a) current density versus electric field (J−E)
plots; (b) Fowler-Nordheim plots.

of the SiNRs/CNTs reduces the density of CNTs, thus
further decreasing the screening effect and improving the
field emission properties. In addition, we suggest that the
SiNRs/CNTs structure could reduce the work function below
5 eV. Consistent with previous reports, the lower work func-
tion of SiNRs/CNTs field emission cathode also enhances
field emission properties, resulting in a higher current
density, lower turn-on electric field, and higher enhancement
factor [30, 31]. However, excellent field emission properties
were achieved in the CNTs field emission cathode with a
core-shell structure using SiNRs. Further studies are needed



Journal of Nanomaterials 5

to determine the optimum SiNRs diameter and CNTs film
thickness for the core-shell structure of SiNRs/CNTs cathode
to promote field emission properties.

4. Conclusion

We developed a novel core-shell structure of SiNRs/CNTs for
field emission cathodes, effectively improving field emission
properties including an Eon of 1.3 V/μm, Eth of 1.8 V/μm,
and β of 2347. These improvements were attributed to
the SiNRs/CNTs core-shell structure reducing the screening
effect and work function. These results indicate that the
core-shell structure of SiNRs/CNTs might be suitable for
improved cathode of field emission displays.
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Freestanding Ge/GeO2 core-shell nanocrystals (NCs) with varying sizes and shell thicknesses were synthesized by a ball milling
method. The core-shell NCs consist of single crystalline Ge core and crystalline GeO2 shell. With increasing milling time, sizes of
the NCs decrease while GeO2 shell layer thicknesses increase. After 30 hours of milling, size of the core-shell NCs goes down to
11 nm. Analysis of high-resolution transmission electron microscope images revealed the presence of strain in the NCs and lattice
distortion/dislocations in the Ge core near the interface of Ge core and GeO2 shell. This induced a strong phonon localization
effect as evident from Raman studies and leads to enhanced radiative recombination, resulting in intense photoluminescence.
Strong photoluminescence peaks in the visible and UV region were observed from all the samples and are attributed to Ge/GeO2

interface defect states. Optical Raman scattering studies confirm the formation of strained Ge/GeO2 core-shell NCs with varying
thicknesses.

1. Introduction

Nanocrystals (NCs) of indirect-gap semiconductors like Si
and Ge are widely studied as they open new possibilities
for applications as a building block in the optoelectronics
and microelectronics [1–3]. As the exciton Bohr radius of
Ge (24.3 nm) [4] is much larger than Si (4.9 nm) [5], the
quantum confinement effect and hence the enhancement of
bandgap are more prominent in Ge NCs. The optical prop-
erties, for example, photoluminescence (PL) in the UV-Vis
region from of the isolated Ge NCs or Ge NCs embedded in
SiO2 matrix or Ge/GeO2 core-shell NCs have been reported
earlier [2, 6–10]. It is found that light emission is more
prominent in the case of Ge/GeO2 core-shell NCs. The light
emission mechanism has been explained on the basis of
radiative recombination via Ge quantum confined or due to
interface defects at the nanocrystal/matrix or in the matrix
itself. The role of interface in both passivating nonradiative
states and in the formation of radiative states is also reported

to be quite significant. Now it is generally accepted that both
localized defect states at the interface and quantum confine-
ment of excitons due to size reduction have combined contri-
butions toward UV-Vis PL from Ge NCs/GeO2 core-shell
system. It is difficult to isolate the relative contributions of
interfacial defects and size, as the interfacial defect-relat-
ed PL itself depends on size [11, 12]. In most of the stud-
ies the Ge or Ge/GeO2 NCs were synthesized by high temper-
ature annealing. Such high temperature processing is not
compatible for the fabrication of electronic devices and
also it can degrade the device performance. Recently, Tsai
et al. [13] synthesized Ge NCs embedded in GeOx film
at low temperature without postannealing by using CO2

laser-assisted chemical vapour deposition technique and
studied its microstructure and light emission property. Here
we synthesized isolated freestanding Ge/GeO2 core-shell
NCs with varying shell thicknesses by employing simple
mechanical ball milling. Microstructure was analysed by X-
ray diffraction (XRD) and transmission electron microscope
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(TEM) and correlate the influence of shell-NCs interface on
the observed PL in the UV-Vis region.

2. Experimental Details

The freestanding Ge NCs were prepared from high purity
(99.999%) Ge powder by mechanical milling in a planetary
ball mill for the duration of 5–30 h. The Ge powder was
milled in a zirconium oxide vial with small balls of zirconium
oxide. This ensures that no metallic contaminants are intro-
duced during the milling process. The milling was performed
under normal atmospheric conditions with presence of air to
enable the formation of oxide shell layer over the NCs. The
nanopowder samples obtained for different hours of milling
were studied by high resolution X-ray diffraction (XRD)
measurements (Bruker, Advance D8) in a slow scan mode.
A 200 KV HRTEM (JEOL-2100) was used to study the size
and the microstructure of the freestanding NCs. The UV-
Visible absorption spectra of all the samples were recorded
using a commercial spectrometer (Shimadzu 3010PC). The
PL spectra of the freestanding core-shell Ge NCs for different
milling hours were recorded (Jobin-Yvon, T64000) with an
excitation of 325nm laser. Raman scattering measurement
was carried out with a 488 nm Ar+ laser excitation using
a micro-Raman spectrometer (LabRam HR800) equipped
with a liquid nitrogen cooled charge coupled device (CCD)
detector. Fourier transformed infrared spectroscopy (FTIR,
Perkin Elmer, Spectrum BX) was used to check the chemical
bonding configuration of the NCs. For discussion, we denote
the unmilled, 5 h, 10 h, 20 h, 25 h, and 30 h milled Ge NCs
samples as Ge-0, Ge-5, Ge-10, Ge-20, Ge-25, and Ge-30,
respectively.

3. Results and Discussion

Figure 1(a) shows the TEM image of an isolated Ge/GeO2

NC for the Ge-10 sample. The variation in contrast at
the edge of the NCs (region marked with hollow arrow)
indicates the presence of GeO2 shell layer over the Ge core.
Figures 1(b)–1(d) show the core-shell NCs for the Ge-20,
Ge-25, and Ge-30 samples, respectively. With increase in
milling time, the size of the NCs gradually decreases and
after 30h of milling, average size of the NCs is 11 nm. The
size obtained from the TEM images is the diameter of the
core-shell NCs, whereas XRD gives the average size of the Ge
core in the Ge/GeO2 core-shell NCs. Therefore extraction of
sizes obtained from TEM imaging by the sizes obtained from
the XRD line profile analysis can give the estimated thickness
of the shell in the core-shell NCs. In this case, we calculated
the GeO2 shell thickness in the Ge/GeO2 NCs. It is found
that shell thickness gradually increases from 0.5 nm to 1.5
nm for the milled time duration 10 h to 30 h. From Ge-5 to
Ge-30, the sizes of the NCs are smaller than the exciton Bohr
diameter of bulk Ge. Therefore, one would expect enhanced
PL from all the samples. Insets of Figures 1(b) and 1(d) show
the inverse fast Fourier transformed (FFT) lattice images of
the isolated NC for the Ge-20 and Ge-30, respectively. One
can clearly see the presence of lattice dislocation/distortion
(region marked with solid arrow) induced defect states near
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Figure 1: TEM images for the Ge-10, Ge-20, Ge-25, and Ge-
30 NCs. Insets of (b) and (d) show the high-resolution lattice image
of the Ge NCs core for the Ge-20 and Ge-30, respectively.

the grain boundary between Ge core and GeO2 shell. The lat-
tice spacing of the Ge core for the Ge-20 sample is calculated
to be 3.37 Å, which corresponds to the (111) plane of Ge
with diamond cubic structure. The calculated lattice spacing
is larger than the lattice spacing of unstrained Ge (3.27 Å).
This confirms that tensile strain is indeed present in the
core-shell NCs. For the Ge-30 sample, it is found that lattice
spacing reduced to 3.30 Å, which indicates a relaxation of
lattice strain. These results are consistence with the XRD
results. It is known that high densities of structural defects
could lead to the phonon localization effects [14], therefore,
one would expect enhanced PL properties form the ultra
small and strained Ge/GeO2core-shell NCs due to combined
effects of quantum confinement and phonon localization.

Figure 2 shows the XRD pattern of the freestanding Ge/
GeO2 core-shell NCs milled for different time durations.
Along with the strong Ge(111) peak, GeO2-related XRD
peaks are also observed. With the increase in milling time,
the intensities of the Ge(111) peak decrease, while inten-
sities of GeO2(101) peak increase. The intensity ratio of
GeO2(101) to the Ge(111) peak increases from 0.6 to 3.2.
The observed intensity enhancement for the GeO2(101) peak
clearly indicates that thickness of GeO2 layer increases with
increasing milling time, while the size of the Ge NCs reduces
accordingly. The XRD results clearly show the formation
of Ge/GeO2core-shell NCs with varying thicknesses. The d
spacing of Ge(111) core increases with increasing milling
time up to 20 h of milling as found from shift in 2θ value.
This increase in lattice spacing indicates the presence of
tensile strain in the NCs, which increases with increase in
shell thickness. The exact sizes of the Ge core in the Ge/GeO2
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Figure 2: XRD patterns of the freestanding Ge/GeO2 core-shell
NCs milled for different time duration. Intensity of the GeO2(101)
peak increases systematically with increasing milling time.

NCs and the lattice strain are calculated by detailed analysis
of XRD line profile. The method proposed by Ungar and
Borbely [15] is used to calculate the exact Ge core size and
lattice strain of the GeO2NCs. According to the Ungar and
Borbely method, individual contribution of size and strain
to the broadening can be expressed as

ΔK = 0.9
DU

+ 2eK
√
C, (1)

where ΔK = (2β cos θB)/λ, β is the FWHM (in radians) of
the Bragg reflections, θ is the Bragg angle of the analyzed
peak, λ is the wavelength of X-rays, DU is the average
crystallite size, K = 2 sin θB/λ, e is the strain, and C is the
dislocation contrast factor, respectively. Details of the above
calculation for Ge NCs can be found elsewhere [16]. The
Sizes of the Ge core and lattice strain calculated from the
above method are shown as inset of Figure 2. With increase
in milling time size of the Ge core gradually decreases from
36 nm to 8 nm for 5 h to 30 h samples. On the other hand,
the strain first increases up to 20 hours of milling (maximum
strain ∼2.9%) and then it decrease for higher milling time.
This strain reduction indicates the release of tensile strain in
the Ge/GeO2 NCs. This can be explained as follows: during
milling the strain and dislocations first develop, however for
prolonged milling when the dislocation density is high the
crystal breaks along the slip plane and thus produces smaller
size NCs. In this way, NC size is reduced and strain is partly
released for prolonged milling time [16].

The crystalline quality of the Ge/GeO2 core-shell NCs
and lattice strain was further studied by micro-Raman analy-
sis, which is shown in Figure 3 for various samples. The Ge-0
sample exhibits a sharp peak at 298.5 cm1 with FWHM of
5.4 cm1 and a weak hump at∼570 cm1. These two modes are
attributed as the well-known Raman active first-order and
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Figure 3: Raman spectra of the Ge/GeO2 core-shell NCs obtained
after different milling times. With increase in milling time, Raman
peak intensity of GeO2 increases while Raman peak intensity of Ge
decreases.

In
te
ns
ity

(a
.u
.)

555

547

879

877

Ge-5

Ge-40

600 800 1000 1200 1400400
Wavenumber (cm−1)

Figure 4: FTIR spectra for the Ge-5 and Ge-30 samples. Various
Ge-O vibrational modes are labelled with corresponding wave
numbers.

second-order transverse optical (TO) phonon mode of crys-
talline Ge [17]. Along with the TO modes of Ge, additional
three modes are observed from all the samples at ∼212 cm1,
∼261 cm1, and ∼440 cm1. These three modes are the charac-
teristic Raman active modes of crystalline GeO2 [18]. With
increase in milling times, the intensity ratio of strongest
GeO2 Raman mode to the Ge(TO) mode increases gradually
from 1.01 to 2.65. This indicates the increase of shell layer
thickness from Ge-0 to Ge-30. These results are consistent
with the XRD results, discussed earlier. From Ge-0 to Ge-20,
the TO modes of Ge shows gradual redshift from 298.5 to
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Figure 5: Room temperature PL spectra for the Ge-0, Ge-10, Ge-20, and Ge-25. Inset of (a) shows the absorption spectra of the corre-
sponding Ge/GeO2 NCs.

296.3 cm1 and FWHM increases from 5.4 to 11.7 cm1. The
observed redshift is due to the combined effects of phonon
confinement and tensile strain, as both the effects result in
redshift in the Raman modes [19, 20]. The line width broad-
ening is caused by size distribution of Ge NCs and phonon
confinement effect in the Ge NCs. The Raman line width is
known to be inversely proportional to the size of the NCs.
With further milling, TO modes of Ge are blueshifted due to
decrease in tensile strain by lattice relaxation. Here, observed
blueshift results from the reduced tensile strain and this is
consistent with the XRD analysis.

FTIR spectroscopy was employed further to investigate
the chemical bonding configuration of the core-shell Ge/
GeO2 NCs. Figure 4 shows the FTIR spectra for the Ge-
5 and Ge-40 samples. Two intense broad bands are ob-
served from all the samples. The bands at 5472 cm1 and
555 cm1correspond to the Ge-O-Ge bending modes while
the bands at 879 cm1 and 877 cm1correspond to Ge-O-Ge
stretching modes of GeO2, respectively [21]. These oxide spe-
cies stem from the oxide shell layer on the Ge core.

Figure 5 shows the room temperature PL spectra for Ge-
0, Ge-10, Ge-20, and Ge-25 samples. From Ge-0 to Ge-30,
all the samples show strong peaks in the UV region as well
as weak peak in the visible region. The UV-Vis absorption
spectrum of the Ge-0 sample is shown as inset in Figure 5(a).
The absorption spectrum shows strong absorption in the
UV region and a weak absorption in the visible region.
Other samples show similar absorption spectra with varying

intensities. Two PL emission peaks in the UV-violet region
(∼380–400 nm) and one peak in the green region(∼500 nm)
were observed from all the samples. Note that as compared
to other samples, Ge-25 shows a redshift in the UV-violet
peaks with PL peaks at 408 and 424 nm. Though exact mech-
anism of this redshift is not clear, this might be related to
the relaxation of strain in the Ge-25. In all the samples, PL
spectra have similar features and peak positions are nearly
independent of sizes of Ge NCs. And direct recombina-
tion in GeO2 results in PL emission below 250 nm [22].
Thus, the observed PL does not originate from the radiative
recombination of excitons confined in the Ge or GeO2 NCs.
Therefore, first PL component may originate from disloca-
tion related defects at the Ge core and GeO2 boundary, as
intensity of the first component systematically increases from
Ge-0 to Ge-20. Note that, dislocation-related defect density
gradually increases from Ge-0 to Ge-20. The high density of
defects due to lattice dislocation/disorder, located in surface
and grain boundaries of the NCs induced a significant
localisation effect resulting in strong PL. The ∼400 nm peak
is attributed to Ge/O stoichiometric defect states at the inter-
face [23]. As the milling was done in sealed vial, it is expect-
ed to form Ge/O stoichiometric defect states in NCs. The
∼500 nm peak is originated from radiative recombination
between the oxygen vacancies and oxygen-germanium va-
cancy centers [24]. No observable visible PL emission is
observed from Ge NCs core, perhaps due to large strain that
causes nonradiative recombination centres to quench the PL.
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4. Conclusions

We have synthesized freestanding Ge/GeO2core-shell NCs
with size down to 11 nm with varying shell thicknesses (up
to 1.5 nm) by ball milling method. Analysis of HRTEM ima-
ges and XRD patterns revealed the presence of lattice strain
in the Ge core near the interface between Ge and GeO2 and
the nature of strain is tensile. With increase in milling time,
lattice stain initially increases up to 20 hours of milling then
partially released for further milling. The Raman scattering
studies shows that observed redshift in the Raman modes
results from the combined effect of quantum confinement
and tensile strain. High densities of structural defects (lattice
dislocation/distortion) in the synthesized NCs result in en-
hanced PL in the UV and visible region and are attributed
to various Ge/GeO2 interface defects. No observable visible
PL emission is observed from Ge NCs core, perhaps due to
large strain that causes nonradiative recombination centres
to quench the PL.
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The synchrotron X-ray absorption technique was used to complement electron microscopy in the investigation of nanoparticles
synthesized from the coreduction of iron acetylacetonate, Fe(acac)3 and platinum acetylacetonate, Pt(acac)2. A much higher Pt
composition than Fe leads to an extended X-ray absorption fine structure (EXAFS) spectrum for the sample that differs from that
of fcc FePt nanoparticles. Most importantly, X-ray absorption near-edge structure (XANES) spectra clearly indicate the existence
of α-Fe2O3 and Pt metal. Since these monodisperse nanoparticles have a diameter of around 4 nm and tend to self-assemble into
hexagonal arrangements, they can be modeled as Pt-rich cores with an α-Fe2O3 shell stabilized by organic surfactants.

1. Introduction

Iron-platinum (FePt) nanoparticles are a prime candidate for
the next generation of ultrahigh density recording materials
[1]. Whereas other magnetic materials become hysteresis-
free superparamagnetic particles when their sizes are below
10 nm, FePt nanoparticles of these sizes still exhibit ferro-
magnetism which is a requirement for nonvolatile recording
[2]. To obtain substantial magnetic anisotropy for recording
applications, not only the size but also the composition and
local structure have to be controlled. It has been shown
that as-synthesized FePt exhibits a chemically disordered fcc
phase and is superparamagnetic but can be transformed into
the ferromagnetic fct structure after heat treatment. In this
fct arrangement, Fe and Pt atoms are in alternate planes with
a balanced atomic ratio [3].

The synthesis of FePt nanoparticles conventionally uses
the thermal decomposition of iron pentacarbonyl, Fe(CO)5

[3]. Since this starting material is very toxic, the coreduction

of iron acetylacetonate, Fe(acac)3 and platinum acetylaceto-
nate, Pt(acac)2 has been studied as a green alternative [4–7].
Metal acetylacetonates are universally regarded as versatile
and nontoxic precursors in the synthesis of transition
metal oxide nanoparticles [8]. However, the control of the
composition and local structure of the FePt product from
these starting materials still remain the subject of study.
Commonly, the phase is identified by X-ray diffraction
(XRD). The local composition can be obtained by energy dis-
persive spectroscopy (EDS) whereas the global composition
is averaged by inductively coupled plasma-optical emission
spectroscopy (ICP-OES).

In the case of the nanoparticles synthesized from the re-
action between Fe(acac)3 and Pt(acac)2 and stabilized by
organic surfactants, several possible core-shell structures
may be obtained. The configuration gets more complicated
when the ratio between Fe and Pt is highly unbalanced or
a significant amount of oxygen is present. As a result, the
conclusion about the local structure cannot be reached solely
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by using conventional characterization techniques. X-ray ab-
sorption spectroscopy offers a unique opportunity to shine
light on local structures and complement the information
on composition and phase. From X-ray absorption spectra,
Shinoda et al. concluded that different synthetic conditions
led to nanoparticles of varying structures including a Pt-rich
FePt core with an Fe-rich amorphous shell [9]. Huang et al.
studied the shift in absorption peaks as a function of thermal
treatments [10] and copper additions [11]. In addition to X-
ray absorption studies of FePt, Antoniak et al. demonstrated
that the technique was also useful in the case of iron oxide
[12]. Since we are interested in using X-ray absorption from
a synchrotron radiation source to probe such nanoparticles,
self-assembled nanoparticles from metal acetylacetonate
precursors are used as the case study in this work. Similar
studies could then be extended to other related structures
including those iron oxide-coated Pt nanoparticles [13].

2. Experimental

2.1. General. Fe(acac)3 (99.99%), Pt(acac)2 (97%), oleic acid
(90%), oleylamine (70%) were obtained from Fluka Chemi-
cal Company and used as received. Benzyl ether was degassed
for 15 min before use. Other AR grade organic solvents used
for purification (e.g., hexane and absolute ethanol) were used
as purchased. All manipulations were performed under dry
nitrogen (N2) using standard Schlenk line techniques.

2.2. Nanoparticles Preparation. A mixture of 0.5 mmoL
Pt(acac)2 and 0.5 mmoL Fe(acac)3 was added in a 100 mL
Schlenk flask filled with 20 mL benzyl ether. Oxygen was
removed from the reaction flask in vacuo before being filled
with N2. Once the solution reached 120◦C, 5.0 mmoL oleic
acid and 5.0 mmoL oleylamine as surfactants were added,
and the solution was then heated to 210◦C and kept at that
temperature for 30 min. The black solution was refluxed at
300◦C for 30 min then cooled to room temperature under
N2. The particles were precipitated by addition of ethanol
and then isolated by centrifugation. The obtained precipitate
was redispersed in ethanol, followed by centrifugation. This
washing procedure was repeated three times. Then, the
washed particles were dispersed in hexane with a small
amount (ca. 0.05 mL) of oleic acid and oleylamine, followed
by bubbling with N2 to remove O2. The colloid was stored in
glass bottles in a refrigerator at 4◦C.

2.3. Characterization Methods. For characterization, samples
were prepared by depositing the colloid on solid substrates
and evaporating the solvent at room temperature. The mor-
phology of the products was examined by transmission elec-
tron microscopy (TEM) and the elemental composition was
probed by EDS. X-ray absorption spectroscopy was obtained
using synchrotron radiation at BL-8, Synchrotron Light
Research Institute, Thailand. The X-ray absorption near-
edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) measurements of the Fe K-edge and Pt
M5-edge were performed in the transmission mode with
an electron energy of 1.2 GeV. The spectra were collected

40 nm

30 nm

Figure 1: TEM images of synthesized nanoparticles.

at ambient temperature with a germanium(111) double
crystal monochromator and recorded after performing an
energy calibration. To increase the count rate, the ionization
chamber was filled with argon gas. The storage ring was
running at an energy of 1.22 GeV with electron currents be-
tween 140 mA and 80 mA.

3. Results and Discussion

The as-synthesized spherical nanoparticles in Figure 1 show
a tendency to self-assemble into a hexagonal pattern. The
higher magnification image in the inset reveals that these
monodisperse particles have an approximate diameter of
4 nm and interparticle spacing is around 2 nm. This agrees
to the observation by Nakaya et al. that such metal core
dimensions and surfactants lead to a hexagonal assembly
whereas larger nanoparticles (around 6 nm) tend to self-
assemble into square patterns [5]. Elemental compositions
of the colloid deposits by EDS analysis are 74.93% Pt, 8.24%
Fe, and 16.83% O. Even though the molar ratio of Fe : Pt
sources is 1 : 1 and a high boiling point solvent combines
with high surfactants: metal ratio, Pt rich nanoparticles
are still obtained rather than an ideal 1 : 1 stoichiometric
FePt nanoparticles. This can be understood by the hetero-
coagulation model recently proposed by Beck et al. for the
reaction between metal acetylacetonates [14]. In contrast
to the binary nucleation model in which Fe-rich particles
from the decomposition of Fe(CO)5 occur simultaneously
with Pt-rich particles [3], Fe(acac)3 is harder to reduce than
Pt(acac)2, and this leads to the intermediate products of Pt-
rich nuclei with the deposition of iron oxide on their surface.
These iron oxides are then reduced to Fe atoms by a CO-
spillover process on surface of the Pt nuclei, and the Fe
atoms diffuse into the Pt-rich nuclei at high temperatures.
It follows that the reduction of iron oxides is more pro-
nounced in the case of smaller Pt nuclei (larger surface area).
The composition of nanoparticles from this mechanism is
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Figure 2: Fourier transform of Fe K-edge EXAFS spectrum of na-
noparticles.

then sensitive to the reflux conditions as well as the amount
of surfactants. Excessive amount of surfactants leads to parti-
cles of larger size but lowers the effectiveness of the reduction
process. Moreover, the excess surfactants may impede the
reduction process on the particle surface.

Fourier transformation of the EXAFS spectrum of the
Fe K-edge is shown in Figure 2. The highest peak between
0.1 and 0.2 nm corresponds to nearest neighboring Fe-O
correlation which is different from the Fe-Pt profile shown
in work reported by Shinoda et al. [9]. The Fe K-edge
and Pt M5-edge XANES spectra of the nanoparticles are
shown in Figure 3. Between 21002–2200 eV in Figure 3(a),
the profile fits well with that of the Pt standard, indicating
that the sample contains Pt metal. In contrast, the XANES
spectrum between 7000 and 7200 eV of the Fe K-edge does
not match that of the Fe standard. Instead, as shown in
Figure 3(b), it resembles that of hematite (α-Fe2O3) which
is the most thermodynamically stable iron oxide at ambient
conditions. XANES has the advantage of distinguishing the
different valence states of Fe as is evident in this case because
the different forms of iron oxide nanoparticles are difficult
to differentiate by other techniques [12]. The results from X-
ray absorption spectroscopy suggest that the sample contains
mostly Pt metal and α-Fe2O3 with small amount of Fe
metal. Since these nanoparticles have rather uniform size
distribution and self-assembled arrangement, it is likely that
Pt-rich cores with α-Fe2O3 shells are formed. This core-
shell structure is surrounded by oleic acid and oleylamine.
Although these surfactants are not detected by TEM or X-ray
absorption spectroscopy, the model is confirmed by the sta-
bility of the nanoparticles in hexane without agglomeration
and sedimentation over a long period of time.

4. Conclusion

Self-assembled monodisperse nanoparticles were synthesized
from the coreduction of Fe(acac)3 and Pt(acac)2 in the pres-
ence of benzyl ether and organic surfactants. With a com-
position of Fe lower than 10%, X-ray absorption spectra are
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Figure 3: XANES spectra of nanoparticles (Sample S4) for (a) Pt
M5-edge compared to Pt foil and (b) Fe K-edge compared to Fe foil,
FeO, and Fe2O3.

consistent with a Pt-rich core with a α-Fe2O3 shell over an
Fe-Pt alloy consistent with a heterocoagulation mechanism
in a modified polyol process. It was demonstrated that the
core shell can be modeled from the study by X-ray absorption
spectroscopy and electron microscopy.
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Poly(methyl methacrylate)/SiO2 (PMMA/SiO2) hybrid composites were prepared via “grafting onto” strategy based on UV ir-
radiation in the presence of iron aqueous solution. Two steps were used to graft polymethyl methacrylate (PMMA) onto the surface
of nanosilica, anchoring 3-(methacryloxy) propyl trimethoxysilane (MPTS) onto the surface of nanosilica to modify it with double
bonds, and then grafting PMMA onto the surface of nanosilica with FeCl3 as photoinitiator. The products were characterized
by FT-IR, TGA, TEM, DLS, and XPS. The results showed that it is easy to graft PMMA onto the surface of nanosilica under
UV irradiation, and the hybrid particles are monodisperse and have core-shell structure with nanosilica as the core and PMMA
layers as the shell. Furthermore, the products initiated by FeCl3have higher monomer conversion, percent grafting, and better
monodispersion compared with the products initiated by traditional photoinitiator such as 2-hydroxy-4-(2-hydroxyethoxy)-2-
methyl-propiophenone (Irgacure 2959).

1. Introduction

Recently, the polymer/inorganic nanocomposites have
gained great attention [1–5] because of their potential
applications in many surface-based technologies such as
composite materials, biomaterials, adhesion and wetting,
molecular recognition, microfluidics, chemical sensing, and
organic synthesis [6–12]. What is more is that the polymer/
inorganic nanocomposites have excellent properties, such
as mechanical properties, thermal stability, and flame
retardance, gas barrier properties, and biodegradation and
abrasion resistance [13–16]. The polymer/inorganic hybrid
materials are generally prepared by surface modification
of the inorganic particles. At present, there are many ap-
proaches for modifying solid surfaces with polymers,
including physisorption, covalent attachment, and elec-
trostatic adsorption [17]. Physisorption is relatively an easy
way, but it suffers from solvolytic and thermal instabilities
due to the absence of stable covalent bonds on the surface
[18]. There are three approaches to covalently graft

polymer chains on the surface of inorganic particles:
(1) the “grafting to” method [19, 20], where the end-func-
tionalized polymers react with an appropriate surface; (2) the
“grafting from” method [21, 22], where polymer chains are
grown from initiator-terminated self-assembled monolayer;
(3) the “grafting onto” method [23], where surface copoly-
merization is through a covalently linked monomer.

UV light has also become a useful tool for initiating poly-
merization due to its significant advantages [24, 25], and this
method has been applied to emulsion polymerization [26,
27]. The polymerization can be easily varied by controlling
the emulsifier concentration and the initiator concentration.
Furthermore, it could accomplish high efficiency of the
polymerization process in a short time even using a small
percentage of photoinitiation. In contrast to thermally based
applications which usually require elevated temperatures,
photopolymerization can also be performed at room tem-
perature and below. This is a striking advantage for both
classical polymerization of monofunctional monomers and
modern curing applications. Low-molecular-weight organic
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Scheme 1: The grafting polymerization of MMA from the MPTS-modified nanosilica surface.

Table 1: Compositions of the PMMA grafting onto silica nanoparticles.

Sample m (SiO2@MPTS) (g) CTAB (g) MMA (g) FeCl3·6H2O (g) Irgacure 2959 (g) H2O (g)

S-1 0.01 0.25 5.0 0.01 — 20

S-2 0.03 0.25 5.0 0.01 — 20

S-3 0.05 0.25 5.0 0.01 — 20

S-4 0.20 0.25 5.0 0.01 — 20

S-5 0.50 0.25 5.0 0.01 — 20

S-6 0.05 0.25 5.0 — 0.01 20

UV light source

N2

Quartz cap

Reactor

Electromagnetic
stirrer

UV light source

Figure 1: A schematic representation of the UV initiated polymer-
ization reacting setup.
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Figure 2: FTIR spectra of (a) bare silica particles, (b) SiO2@MPTS
particles, and (c) SiO2@PMMA particles.
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Figure 3: Thermogravimetric analysis (TGA) of (a) bare silica,
(b) SiO2@MPTS particles, (c) SiO2@PMMA particles (S-5), (d)
SiO2@PMMA particles (S-4), and (e) SiO2@PMMA particles (S-3);
TGA was performed in nitrogen at a heating rate of 10◦C/min.

photoinitiators, however, have many intrinsic disadvantages
such as hydrophobicity, odor, and toxicity, which limit the
applications of photoinitiation in emulsion polymerization.
One possible way to solve this problem is the use of water-
soluble inorganic photoinitiators.

In this work, we used FeCl3 as photoinitiator to prepare
PMMA/SiO2 hybrid nanocomposites. The likely mechanism
of photoinitiation using Fe3+ as photoinitiator has been
reported by Evans et al. [28]. It has been found in our
research that it possesses high efficient photoinitiation
even though using a small percentage of photoinitiation.
Moreover, there are several advantages by using FeCl3 as
photoinitiator such as water solublility, nonpollution, and
odorlessness. After the polymerization, it could be scoured
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Figure 4: TEM images of (a) bare silica particles, (b) SiO2@PMMA particles (S-1), (c) SiO2@PMMA particles (S-2), (d) SiO2@PMMA
particles (S-3), (e) SiO2@PMMA particles (S-4), and (f) SiO2@PMMA particles (S-5) cast from dilute deionized water.
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Table 2: Comparison of UV-initiated polymerization initiated by FeCl3 and Irgacure 2959.

Sample Particle size (nm) PDI Reaction time (min) Conversion (%)a Grafting (%)b

S-3 32 0.289 10 95.4 98.0

S-6 27 0.352 10 75.7 85.8
a
Conversion values determined using gravimetric analysis.

bPolymer grafting (%) is calculated from (2).
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Figure 5: DLS images of (a) bare silica particles and (b) SiO2@
PMMA particles (S-3).

off easily. Compared to the traditional photoinitiation initi-
ated by Irgacure 2959, the products initiated by FeCl3 have
higher monomer conversion, percent grafting, and better
monodispersion. Considering the above factors, herein,
we describe an effective strategy to prepare PMMA/SiO2

hybrid composites via “grafting onto” strategy based on
UV irradiation in the presence of iron aqueous solution.
Nanosilica particles have been surface modified by 3-
(methacryloxy) propyl trimethoxysilane (MPTS) to possess
double bonds, so that methyl methacrylate (MMA) can
been grafting onto SiO2 with nanosilica as the core and
PMMA as the shell. FeCl3 was used for the photoinitiator
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Figure 6: XPS wide scan for (a) SiO2@MPTS particles and (b) SiO2

@PMMA particles (S-3).

under UV irradiation in this process. Scheme 1 shows the
overall synthesis route. The products were characterized by
FT-IR, TGA, TEM, XPS, and DLS. In addition, different
proportions of SiO2 were added to discuss the best condition
of preparing PMMA/SiO2 particles with better monodisperse
and uniform morphology.

2. Experimental Section

2.1. Materials. The silica having mean particle size of 20 nm
was kindly supplied by Aladdin Chemical Reagent Co.,
Ltd. 3-(methacryloxy) propyl trimethoxysilane (MPTS)
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Figure 7: XPS analysis of C1s (1), O1s (2), and Si2p (3) spectra for
(a) SiO2@MPTS particles and (b) SiO2@PMMA particles.

was acquired from Aldrich Chemical Co., Ltd. Hex-
aaquo iron(III) chloride, FeCl3·6H2O (Across Organ-
ics, 99%), was used as received. MMA (Fluka, 99%)
was distilled to an ice bath under reduced pressure in
the presence of hydroquinone, washed twice with 5%
NaOH in water, and dried over CaCl2. Cetyetrimethy-
lammonium bromide (CTAB) was purchased from Sigma-
Aldrich Chemical Co. (St. Louis, Mo). 2-hydroxy-4-(2-
hydroxyethoxy)-2-methyl-propiophenone (Irgacure 2959)
was acquired from Sigma-Aldrich Co. All chemicals were
of analytical grade and used without further purification.
Doubly deionized water was used through all the pro-
cesses.

2.2. Characterization. The FTIR measurements (Impact 400,
Nicolet, Waltham, Mass) were carried out with the KBr
pellet method. Thermogravimetric analysis (TGA) results
were obtained with a TA Instrument 2050 thermogravimetric
analyzer at a heating rate of 10◦C/min from 25 to 800◦C
under a nitrogen atmosphere. The microstructure of these
hybrid nanocomposites was imaged using Hitachi H-600
equipment, and TEM samples of nanoparticles were pre-
pared by casting one drop of a dilute colloid solution onto
a carbon-coated copper grid. X-ray photoelectron spectra
(XPS) were performed on a PHI-5702 instrument using
MgKα radiation with pass energy of 29.35 eV. The product
particle size and its distribution were determined by dynamic
light scattering (DLS) using a Malvern Zetasizer NanoZS
apparatus with a laser of 660 nm wavelength at 25◦C. Before
the analysis, the latexes were diluted with deionized water to
minimize the particle-particle interactions.

2.3. Synthesis

2.3.1. Surface Modification of Silica Particles. Into a 250 mL
dried round-bottom flask, 3.0 g nanosilica was ultrasound
dispersed in 100 mL ethanol for 30 min, then 2.5 g MPTS
was added and ultrasound dispersed for 2 h. The product
was washed by centrifugations/redispersions three times in
ethanol and dried in vacuum at room temperature for 24 h.
The grafting density of grafted vinyl group was determined
by TGA and was calculated by [29]

Grafting density
(
mol/m2)

= (W60−730/(100−W60−730))× 100−Wsilica

MSspec × 100
× 106,

(1)

where W60−730 is the weight loss from 60 to 730◦C corre-
sponding to the decomposition of the MPTS, M (g/mol) is
the molar mass of the degradable part of the grafted molecule
(205 g/mol), Sspec (m2/g) and Wsilica are the specific surface
area and the weight loss of silica determined before grafting,
respectively.

2.3.2. Photopolymerization of PMMA on SiO2@MPTS.
PMMA/SiO2 hybrid nanoparticles were synthesized through
surface-grafted photopolymerization using a high-pressure
Hg lamp as the UV light source. The compositions of
emulsion are listed in Table 1. A pre-emulsification of SiO2-
g-MPTS, MMA, CTAB, FeCl3·6H2O (or Irgacure 2959), and
water was carried out for 30 min in a flask with stirring at
a speed of 400 rpm. The polymerization was conducted for
10 min in a reactor with a quartz cap as shown in Figure 1.
The UV source used was a 1000 W high-pressure mercury
lamp, and the light intensity was 20 mW/cm2. During
the UV irradiation, stirring and a nitrogen purge were
maintained at ambient temperature. Hybrid particles were
isolated via centrifugation at 4000 rpm. Then the particles
were dispersed into 10 mL of tetrahydrofuran (THF) to
remove PMMA absorbed on the particles. The solvent (THF)
was replaced every eight hours. Particles were purified by
centrifugation/redispersion for three times and then dried at
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Figure 8: TEM images of (a) SiO2@PMMA particles (S-3) and (b) SiO2@PMMA particles (S-6) cast from dilute deionized water.
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room temperature under a vacuum to generate PMMA/SiO2

hybrid nanoparticles.
The polymer grafting (%) was determined by TGA and

calculated by [30]

Polymer grafting (%) = Organic composition/g
Bare silica/g

× 100,

(2)

where the amount of organic composition (g) was calculated
from the TGA weight loss from 150 to 700◦C corresponding
to the decomposition of PMMA. Bare silica (g) is the weight
retention by TGA corresponding to the bare silica.

3. Results and Discussions

3.1. Analysis of FTIR. MPTS is well accepted as a suitable
coupling agent for silica since the trimethoxysilyl groups
can be hydrolyzed and condensed with the silanol groups
at the surface of silica particles. Then, the nanosilica can be
chemically modified by the reaction between PMMA and

MPTS. Figure 2 shows the FTIR spectra of SiO2, SiO2-g-
MPTS, and PMMA/SiO2. It can be seen that there is a very
pronounced band appearing at 1108 cm−1, together with two
less pronounced bands at 805 and 475 cm−1 in the spectrum
of SiO2 as shown in Figure 2(a), which corresponds to
the vibration absorption of Si-O-Si groups. The similar
consequence appears in SiO2-g-MPTS in Figure 2(b). In the
spectrum of PMMA/SiO2 in Figure 2(c), there are peaks at
2952, 1732, and 1445 cm−1, which are assigned to CH, C–O,
and CH3 stretching vibration of PMMA, respectively. This
result indicates that PMMA has been grafted onto the surface
of SiO2 successfully.

3.2. Analysis by TGA. The thermogravimetric analysis
(TGA) of bare silica, SiO2-g-MPTS, and PMMA/SiO2 par-
ticles (S-3, S-4 and S-5) is shown in Figure 3. The high tem-
perature required to decompose and evaporate the organic
content of the modified silica particles demonstrates that
the silane-coupling agent is strongly bound to the particle
surface and one can expect a covalent bond [31]. Calculation
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based on TGA shows that the grafting density of grafted vinyl
group is 0.92 μmol/m2 calculated from (1). The weight loss
of bare silica below 200◦C is 4.8% which is attributed
to the physisorbed water and residual organic solvent. As
for PMMA/SiO2 particles, the beginning decomposition
at 300◦C corresponds to the decomposed temperature of
PMMA covalently attached to nanosilica particles. The
weight loss is increased from 9.0% to 89.2% when the SiO2-
g-MPTS decreased from 0.50 g to 0.05 g and polymer grafting
is increased from 13.5% to 98.0%. These results show that
the grafting degree increase resulted from the decreasing of
the amount of the modified nanosilica.

3.3. Analysis by TEM. The morphologies of bare sil-
ica particles and functional silica particles modified by
PMMA were investigated by TEM as shown in Figure 4.
Figure 4(a) revealed that the bare silica particles with an
average effective diameter of 20 nm are low dispersed and
have a few aggregates. However, the size of PMMA/SiO2

particles becomes larger than bare silica particles, and the
dispersibility has been improved. With an increase of the
concentration of SiO2-g-MPTS, the aggregates increased and
the dispersibility got worse. Figures 4(b), 4(c), and 4(d)
show better dispersibility. In Figure 4(d), silica particles are
completely encapsulated with PMMA that free silica can
nearly not be observed and most of the hybrid nanoparticles
appeared to be roughly spherically symmetric, although
several larger nanoparticles appeared to be rather irregular.
It can be concluded that PMMA can successfully encapsulate
on silica once silica particles are modified by the double
bonds. Besides, it exists a suitable MMA/SiO2 ratio to prepare
the core-shell structural PMMA/SiO2 effectively.

3.4. Analysis by DLS. The sizes and distributions of bare
silica particles and functional silica particles modified by
PMMA have been investigated by DLS. Figure 5(a) shows
that bare silica particles possess a narrow distribution with
an average effective diameter of 20 nm. This result agreed
with the measure of TEM. The size of PMMA/SiO2 in
Figure 5(b) became bigger, and its size distribution ranged
from 20 to 42 nm with one intensive peak at 32 nm. From
the result obtained, it can be assumed that PMMA has
been grafted onto the surface of the silica nanoparticles
successfully, and finally the core/shell structural nanosil-
ica/polymethyl methacrylate composite latex has been
formed.

3.5. Analysis by XPS. XPS measurement was used to further
investigate the composition of the polymer on the silica sur-
face. The wide scan XPS spectra of SiO2-g-MPTS (a) and
PMMA/SiO2 (b) are shown in Figure 6. We can see that the
signals of Si2s (160.9 eV) and Si2p (109.3 eV) in Figure 6(b)
are much weaker than in Figure 6(a), which indicates that
silica particles are basically encapsulated with PMMA. We
can see from the wide scan XPS spectra of PMMA/SiO2as
shown in Figure 7(1)(b) that the strongest signal appears,
which corresponds to the aliphatic hydrocarbon (C–C/C–H,
at a binding energy of 284.7 eV). It is larger than the C1s
signal (285.4 eV) intensity of SiO2-g-MPTS in Figure 7(1)(a).
These signals indicate the presence of PMMA on the surface
of silica. Figure 7(2) is the O1s XPS scan spectra; the O1s
signal of MPTS-modified silica is due to the Si–O bond. As
for O1s signal of the PMMA/SiO2, the weak signal shifted
to a binding energy of 533.8 eV, which corresponds to the
carbonyl oxygen (O=C) of methyl methacrylate. Judging by
combination of FTIR and XPS results, we can conclude that
a functionalized surface has been generated by the method
outlined in Scheme 1.

3.6. Analysis of Photoinitiation by Different Photoinitiator.
Figure 8 shows the TEM images of PMMA/SiO2 particles
initiated by FeCl3 and Irgacure 2959. It is obvious that
PMMA/SiO2 particles initiated by FeCl3 presents better
dispersion, uniformity, and higher encapsulated ratio. To
make a further comparison between the FeCl3 and Irgacure
2959, different emulsions have been carried out and the
results are presented in Table 2. As shown in Table 2, the two
products have almost the same size. The particles initiated by
FeCl3 have smaller polydispersity index (PDI) than initiated
by Irgacure 2959. More significantly, the particles initiated
by FeCl3 have higher monomer conversion and percent
grafting. This proves that FeCl3 possesses higher efficiency
than Irgacure 2959. The probable mechanisms of grafting
polymerization initiated by Irgacure 2959 and FeCl3 are
shown in Schemes 2 and 3, respectively. Consequently, we
can conclude that FeCl3 has preferable property due to its
well water-solubility, lower steric hindrance, and higher free
radical production rate. Besides, small amounts of FeCl3 can
promote the stability of emulsion.

4. Conclusions

A simple and convenient “grafting onto” strategy which
involves two-step reaction to prepare PMMA/SiO2 hybrid
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composites by UV irradiation is reported. Well-defined
hybrid particles have been obtained via emulsion poly-
merization. The grafting density of the polymer can be
adjusted in a wide range by simply controlling the intro-
duction and the conversion of the double bonds on the
silica surface. Especially, a small amount of FeCl3 can initiate
the polymerization in 10 min. It is highly efficient for the
functionalization of nanosilica. Compared to the traditional
photoinitiation initiated by Irgacure 2959, the products
initiated by FeCl3 have higher monomer conversion, percent
grafting, and better monodispersion.
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A highly performing natural rubber/silica (NR/SiO2) nanocomposite with a SiO2 loading of 2 wt% was prepared by combining
similar dissolve mutually theory with latex compounding techniques. Before polymerization, double bonds were introduced onto
the surface of the SiO2 particles with the silane-coupling agent. The core-shell structure silica-poly(methyl methacrylate), SiO2-
PMMA, nanoparticles were formed by grafting polymerization of MMA on the surface of the modified SiO2 particles via in situ
emulsion, and then NR/SiO2 nanocomposite was prepared by blending SiO2-PMMA and PMMA-modified NR (NR-PMMA). The
Fourier transform infrared spectroscopy results show that PMMA has been successfully introduced onto the surface of SiO2, which
can be well dispersed in NR matrix and present good interfacial adhesion with NR phase. Compared with those of pure NR, the
thermal resistance and tensile properties of NR/SiO2 nanocomposite are significantly improved.

1. Introduction

Recently, considerable efforts have been expended on the
preparation of organic/inorganic nanocomposite materials
[1, 2]. Inorganic nanoparticles possess small particle size,
high surface area, as well as the quantum and surface effect,
which make it possible for nanocomposites to perform
more excellent physical and mechanical properties than con-
ventional composites [3, 4]. Multifarious nanoscale fillers,
including calcium carbonate [5], montmorillonite [6], car-
bon black [7], and aluminum oxide [8], have been reported
in academic journals. Among them, nanosilica (SiO2), an
important member of inorganic nanofiller in composites
preparation, is widely used in the field of organic/inorganic
hybrid composites. Zhu et al. [9] prepared well-dispersed
silica-poly(methyl methacrylate) (SiO2-PMMA) nanoparti-
cles by a suspension-dispersion-polymerization technique in

an aqueous system. Subsequently, SiO2-PMMA nanoparti-
cles were induced into PVC matrix, and results showed that
the heat resistance, elongation at break, and tensile strength
of PVC/SiO2 composites were significantly improved. Also,
Peng et al. prepared natural rubber/silica nanocomposites
(NR/SiO2) [10] and natural rubber/multiwalled carbon nan-
otubes composite [11] combining self-assembly and latex-
compounding techniques. Obtained nanocomposites were
perfectly strengthened, with increased thermal resistance and
mechanical properties.

But on the other hand, as nanoscaled particles, nanosilica
tend to the lowest energy state of bulk aggregation in polymer
matrix because of large surface area and high surface energy,
which in turn leads to structure flaws in the polymer matrix
and interfere with the property of the whole product [12, 13].
In order to enhance interfacial adhesion between nanosilica
and NR matrix and improve the dispersion of nanoparticles
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in NR matrix, it is necessary to reinforce the compatibility
between the organic matrix and the inorganic surface of
nano-silica. Due to large numbers of hydroxy group on
the surface of raw nanosilica [14, 15], its surface is easily
compatible with polar polymers, such as PVA and PVC
compared to the apolar matrix, natural rubber. According
to traditional method, the most commonly used method
to disperse nanosilica was the mixing process conducted
in two-roll mill [16, 17]. Despite well-distributed polymer
composite can be finally obtained, the contamination of fly
ash and the side effect on the lung of individuals are difficult
to be avoided during the preparation of composite in either
the laboratory or factory. Also, this method possesses some
other advantages, such as low energy cost and homogeneous
dispersion of silica in NR matrix. Latex compounding,
therefore, can reduce harmful situation mentioned above,
and be more eco-friendly and low-polluted processing.
However, in order to obtain homogeneous dispersion of
polar nanosilica in apolar natural rubber latex, surface
modification of nanoparticles is required. There has been
numerous numbers of publications reported in this field,
such as chemical coating using coupling agents [18–21]
and physical coating using detergents [22] whereas rare
researches are referred to the surface functionalization
of nanosilica and dispersing process in natural rubber
latex. In this paper, a novel method to prepare NR/SiO2

nanocomposite will be reported. Well-dispersed core-shell
SiO2-PMMA nanoparticles were prepared by using MPS
as bridge in aqueous solution. In addition, NR latex was
modified by PMMA in emulsion system before mixing
with core-shell nanoparticles via combining similar dissolve
mutually theory and latex-compounding techniques. It is
proved that this method is useful and core-shell SiO2-PMMA
nanoparticles are rarely reported in NR latex application, and
we will systematically discuss the synthesizing process and
also investigate the relationship between microstructure and
macroproperties.

2. Experimental

2.1. Materials. Natural rubber latex (NRL) with a total
solid content of 60% was obtained from Qianjin state farm
(Guangdong, China). Silica nanoparticles (average diameter:
7 nm) were purchased from Sigma-Aldrich (Sigma-Aldrich,
St. Louis, MO). Methyl methacrylate (MMA) and tert-
butyl hydroperoxide were purchased from Sinopharm, Ltd.
(Shanghai, China). 3-(trimethoxysilyl) propyl methacrylate
(MPS) was brought from Guangzhou Chemical Reagent
Co. (Guangdong, China). Potassium persulfate (KPS) and
Tetraethylenepentamine were offered by Xilong Chemical
Co. (Guangdong, China). All experiments were carried out
with distilled water.

2.2. Preparation of the NR/SiO2 Nanocomposite

2.2.1. Coupling Modification of Nanosilica. We modified the
surface of SiO2 particles with MPS. Firstly, MPS was hydro-
lyzed in 95% ethanol solution for 2 hours. Then a fixed
amount of SiO2 with 95% ethanol as solvent was treated with

an ultrasonic vibrator for 15 min. Finally, SiO2 dispersion
was dropped into hydrolyzed MPS with mechanical stir at
25◦C for 5 hours, and its pH was adjusted to 10 with tri-
ethylamine [23]. The SiO2/MPS dispersion was centrifuged
followed by rinsing with ethanol for 3 times and then with
distilled with water for 2 times.

2.2.2. Copolymerization of MMA on the Surface of Nanosilica.
The surface-functionalized SiO2 was dispersed in an aqueous
system with MMA and sodium dodecyl sulfate (SDS) in
order to obtain nano-silica colloid [24] which was mixed
with an aqueous solution of initiator potassium persulfate
(KPS), and then charged into a flask with mechanical stirring
at 55◦C for 5 hours. PMMA, as the shell, was grafted onto the
surface of SiO2/MPS due to the reaction of the vinyl groups
between SiO2/MPS and MMA.

2.2.3. Modification of NRL. NRL was treated in an aqueous
solution where MMA, oleic acid, and tert-butyl hydroper-
oxide were mixed accompanying gentle mechanical stir at
room temperature for 2 hours. The colloid system was heated
to 60◦C, before dropping an aqueous solution of activating
agent (tetraethylenepentamine), and then cooled to room
temperature, finally NR-PMMA latex was obtained [25].

2.2.4. Synthesis of Nanocomposite. The SiO2-PMMA aqueous
dispersion was dropped into a certain amount of NR-PMMA
latex with a total solid content of 30% and the mixture was
stirred for 24 hours, which was then dried to obtain NR/SiO2

nanocomposite films. The loading of silica is 2 wt% in NR
matrix.

2.3. Characterization. A Perkin-Elmer Spectra GX-I FTIR
spectroscopy (Perkin-Elmer, Fremont, CA) was used to in-
vestigate surface chemistry of SiO2 after modification with a
resolution of 4 cm−1 in the transmission mode. The liquid
SiO2 were dragged up by copper network for transmission
electron microscopy (TEM), and then were observed on
a JEM-100CXII instrument (JEOL, Peabody, MA) with
an accelerating voltage of 100 kV. The morphology of the
nanocomposites was taken with a scanning electron micro-
graphs (SEM), Philips XL30-EDAX instrument (Philips,
Eindhoven, Netherlands), at an acceleration voltage of 10 kV.
The cross-section of the samples was obtained by splitting
bulk sample with liquid nitrogen treatment.

The dynamic-mechanical thermal analysis (DMTA)
spectra were taken on rectangular specimens (20 × 4 ×
0.1 mm) in tensile mode at a frequency of 5 Hz using
a NETZSCH DMA 242C instrument (Germany), ranged
from the temperature of −120◦C to 50◦C. Thermal decom-
position of samples was performed with a Perkin-Elmer
TGA-7 thermogravimetric analyzer (TGA); (Perkin-Elmer,
Fremont, CA). The measurement of the samples (ca. 10 mg)
was carried out in nitrogen from 50◦C to 600◦C at a heating
rate of 10◦C/min. Tensile test experiments were conducted
on the instrument in compression model with a cross-head
speed of 500 mm/min, and the sample length was 75 mm, the
minimum width was 4 mm, and the thickness was 2 mm.
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3. Results and Discussion

3.1. Mechanism of Preparing NR/SiO2 Nanocomposite Process.
Figure 1 describes the scheme of the manufacturing process
of NR/SiO2 nanocomposite. There are three main steps in
this process. The first step is to form core-shell SiO2-PMMA
nanoparticles. The silane-coupling agent MPS are hydrolyzed
to form silanol groups which condense with hydroxyl groups
on the surface of silica to form a covalent bond. Because
of the grafted MPS, unsaturated double bond (C=C) is
introduced onto the surface of silica nanoparticles [26].
When the silane-coupling agent grafted on the surface of
SiO2 counters an unsaturated functional group in MMA,
the copolymerization between SiO2/MPS and the copolymer
PMMA will take place if there is an appropriate initiator.
Eventually the core-shell SiO2-PMMA nanoparticles are
successfully obtained.

The second process is to prepare NR-PMMA latex. The
modification mechanism is as follows [27].

(1) The initiators decompose to generate free radical:

R R (1)

(2) MMA monomers are initiated to polymerize by free
radical R•.
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(3) PMMA chain growth process is accompanied with the
radical transferring to NR macromolecule.
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The last stage is to blend core-shell SiO2-PMMA nano-
particles and NR-PMMA via similar dissolve mutually
theory. Compared with the other techniques [28, 29], the
above-mentioned process is more convenient and effective in
preparing NR/SiO2 nanocomposite.

3.2. Characterization of Core-Shell

SiO2-PMMA Nanoparticles

3.2.1. FTIR Study. After the formation of core-shell SiO2-
PMMA nanoparticles, either chemical reaction or physical
adsorption would be characterized in the FTIR spectra.
Therefore, before the measurement of FTIR, all the SiO2

nanoparticles modified with MMA have been extracted in
acetone solution for 72 hours in order to eliminate un-
grafted PMMA.

Figure 2 displays the infrared spectra of the eluate
and pure acetone solution. It can be seen that the peak
at 1730 cm−1 (Figure 2(A)) is assigned to C=O stretching
vibration of PMMA while after 72 hours extracting, this
peak disappears and only C=O stretching vibration of
acetone at 1715 cm−1 could be seen (Figure 2(B)). It can be
proved that after 72 hours extracting, there is no redundant
PMMA absorbed physically on SiO2-PMMA nanoparticles.
Subsequently, rinsed solid SiO2-PMMA and unmodified
SiO2 were measured through FTIR. It can be seen from
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Figure 1: Manufacturing process of NR/SiO2 nanocomposite.

Figure 3 that the adsorption peak at 1697 cm−1 assigned to
the C=O functional groups (Figure 3(B)) does not appear in
Figure 3(A), which indicates that MPS has been successfully
grafted on the surface of SiO2 [30] and SiO2 and MPS are
linked with covalent bonds. Therefore, it is possible for MMA
to graft onto the modified SiO2 nanoparticles. As can be
seen from Figure 3(C) that the absorption peak at 1730 cm−1

assigned to the vibration absorption of C=O is obvious,
accompanying with one less pronounced peak at 2975 cm−1

corresponding to CH3 groups of PMMA. All the results
obtained from FTIR spectra confirm that PMMA successfully

grafted onto the SiO2 modified by MPS through chemical
bonds rather than simply physical adsorption.

3.2.2. TEM Observation. It is obvious that unmodified SiO2

nanoparticles are aggregated together and the diameter
ranges from 10 nm to 30 nm (Figure 4(a)) whilst because
of the introduction of PMMA, nanoparticles (SiO2/MMA
= 1 : 0.3) indicate well-dispersed morphology (Figure 4(b)).
However, after being grafted by PMMA, dispersibility of
SiO2 is improved (Figure 4(b)). It can be also seen from
Figure 4(b) that single nanoparticle with a diameter around
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Figure 2: Infrared spectra of SiO2-PMMA soxhlet extraction solu-
tion. (A) The first eluate; (B) the second eluate; (C) pure acetone
solution.
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Figure 3: Infrared spectra of nanosilica, (A) unmodified SiO2; (B)
SiO2-MPS; (C) SiO2-PMMA.

40–60 nm can be clearly observed, which is 30 nm thicker
than unmodified SiO2 particles. This illuminates that the
core, SiO2 nanoparticles, is successfully coated by the shell,
PMMA, and the thickness of PMMA shell is about 25–
35 nm. It can also be observed in the SEM images (Figure 5)
where the core-shell SiO2-PMMA nanoparticles are evenly
dispersed throughout NR matrix. However, when the ratio
of SiO2/MMA reaches to 1 : 3, the sphere morphology is
out of order (Figure 4(c)) due to the increasing prevalence
of PMMA homopolymerization, and PMMA will physically
be absorbed on the surface of nanosilica. Meanwhile, the
aggregation of nano-SiO2 deteriorates, and the diameter
of the SiO2 clusters becomes much bigger compared with
Figure 4(b). Therefore, from the results above the suitable
SiO2/MMA ratio is 1 : 0.3, which is proved to be the proper
grafting rate through large amounts of experimental work.

3.3. Characterization of NR/SiO2 Nanocomposites

3.3.1. SEM Observation. In recent work, NR/SiO2 nanocom-
posite was prepared with a constant mixture rate (NR/SiO2 =
98/2). Because SiO2 has been surface-functioned with MPS
and MMA, the compatibility is improved between SiO2

nanoparticles and NR matrix, and, moreover, SiO2-PMMA
nanoparticles with an average size ranged from 60 nm to

100 nm are uniformly dispersed in the matrix as indi-
vidual spherical core-shell structure (Figure 5(c)). Whereas
unmodified SiO2 in NR matrix (Figures 5(a) and 5(b))
aggregate significantly and the size of the SiO2 clusters
reaches to more than 200 nm. These results illustrate that
the excellent compatibility between the SiO2-PMMA and
NR-PMMA enhances the interaction between SiO2 and NR,
and thus improves the adhesion and morphological structure
of NR/SiO2 nanocomposites. The preparation method of
polymer/SiO2 composites has been widely reported, such
as melt compounding [31] and other physical blending
[32], however, the process presented in this paper possesses
significant advantages, for instance, the compatibility with
NR is excellent and the size of SiO2 is approximately 80 nm.

3.3.2. Dynamic Thermal Mechanical Analysis. Dynamic ther-
mal mechanical analysis (DTMA) can characterize the
reaction between polymer molecular chains and inorganic
particles and the transformation from glass state to vis-
coelastic state. It can be seen from Figure 6 that peaks of
curves move to the direction of high temperature with
the enhancement of compatibility which can be seen from
SEM images (Figure 5). The glass-transition temperature
(Tg) can be calculated from the peak of tand-T curve.
Tg of NR-PMMA/SiO2-PMMA is obviously higher than
that of the others (Figure 6), which reaches to −48◦C. It
could be attributed to the well-dispersed core-shell SiO2-
PMMA nanoparticles in NR-PMMA matrix. PMMA play an
important role in the molecular interaction between SiO2

and NR chains, declining the thermal motion of the NR
molecule [33]. Therefore, the adapting temperature range
of rubber products has been expanded with the loading of
2 wt% core-shell SiO2-PMMA nanoparticles.

In addition, NR-PMMA composite filled with core-shell
SiO2-PMMA nanoparticles has a higher storage modulus
than the others at the temperature ranged from −100◦C
to −50◦C (Figure 7). When the temperature is below Tg ,
the core-shell SiO2-PMMA nanocomposites possess a high
storage modulus, which is caused by introducing rigid
nanosilica particles [34]. The increasing storage modulus
attributes to the friction between the core-shell SiO2-
PMMA nanoparticles and the NR-PMMA molecules when
the nanosilica particles are thoroughly dispersed in the NR
matrix.

3.3.3. The Thermal Gravimetric Analysis. All samples are
measured in nitrogen environment, which means no
oxygenolysis of polymer molecules and that it well proves
the effect of the bridge molecule, PMMA. Adding SiO2-
PMMA nanoparticles can enhance the thermal stability
of composites. The main thermal decomposition of NR
matrix is at about 360◦C (Figure 8) where C–C chain bonds
ruptured and hydrogen transferred [35]. The degradation
curve of NR-PMMA/SiO2-PMMA is slightly shifted to a
higher temperature, compared with the other samples, due
to the intertwining between one PMMA chain on the surface
of nanosilica and another PMMA chain grafted on NR
molecules.
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Figure 4: TEM micrographs of SiO2 nanoparticles in water. (a) Unmodified SiO2; (b) SiO2-PMMA(SiO2: MMA = 1 : 0.3); (c) SiO2-PMMA
(SiO2: MMA = 1 : 3).
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Figure 5: SEM micrographs of nanocomposites. (a) NR/SiO2; (b) NR-PMMA/SiO2; (c) NR-PMMA/SiO2-PMMA.
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Table 1: Tensile properties of pure NR and its nanocomposites (SiO2/NR = 2/100 w/w).

Samples NR NR-PMMA NR-PMMA/SiO2 NR-PMMA/SiO2-PMMA

Tensile strength/MPa 6.99 7.23 8.95 10.65

Elongation at break/% 835 823 772 773

Tensile modulus/MPa

300% elongation 0.92 0.82 1.22 1.95

500% elongation 1.00 0.94 1.46 2.32

700% elongation 1.58 2.06 2.96 3.37
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Figure 6: The loss factor as a function of temperature for pure NR
and its nanocomposites.

During thermal decomposition, there are three main
degraded temperatures, onset temperature (To), peak tem-
perature (Tp), and flow temperature (T f ). Those of the NR-
PMMA/SiO2-PMMA nanocomposites increase by 5.4◦C,
4.9◦C and 5.7◦C, respectively, in comparison with those of
the pure NR. Incorporating with the distribution observed
from SEM, the thermal stability depends on the distribution
of SiO2 nanoparticles. The more homogenously the SiO2

nanoparticles disperse in NR matrix, the stronger the
reaction between the molecules is [36]. Because the decom-
position has been slowed down, the ageing resistance of
nanocomposite is improved compared to the pure NR. This
from another aspect supports the feasibility and efficiency
of similar dissolve mutually theory in the preparation of
NR/silica composite.

3.3.4. Tensile Property. The tensile performance has been
investigated in detail among different samples, namely,
NR, NR/PMMA, NR-PMMA/SiO2, and NR-PMMA/SiO2-
PMMA. Obviously, with the improvement of modification
and the introduction of nanosilica, the tensile strength as well
as tensile modulus at different elongations is increasingly
high. It can be seen from Table 1 that the tensile strength
increases by 3.66 MPa from 6.99 MPa (NR) to 10.65 MPa
(NR-PMMA/SiO2-PMMA). Since PMMA is grafted both on
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Figure 7: The storage modulus as a function of temperature for
pure NR and its nanocomposites.
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Figure 8: TG/DTG curves of pure NR and its nanocomposites in
nitrogen.

SiO2 and NR, its molecule chains twist together via similar
dissolve mutually theory, reinforcing the interaction between
nano-SiO2 and NR matrix and hindering the movement
of NR macromolecule chains [37]. That is to say that
PMMA as a bridge between the inorganic nanoparticles and
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polymer matrix improve the mutual compatibility which in
turn results in excellent mechanical property. In addition,
comparing the tensile strength between NR-PMMA and
NR-PMMA/SiO2, nanosilica without grafting PMMA on its
surface can also reinforce the tensile property, from 7.23 to
8.95 MPa.

4. Conclusion

A novel methodology, similar dissolve mutually theory, is
introduced to prepare NR/SiO2 nanocomposite in this paper.
The core-shell SiO2-PMMA particles ranged from 60 nm to
100 nm are well dispersed in latex at a suitable SiO2/MMA
ratio of 1 : 0.3, and the thickness of PMMA shell is about 25–
35 nm. Moreover, the dispersion of core-shell SiO2-PMMA
nanoparticles has been improved by grafting PMMA on
both nano-SiO2 and NR molecule chains. Based on the
excellent dispersion of SiO2-PMMA nanopaticles, Tg and
thermal ageing resistances of nanocomposite are consider-
ably enhanced. Meanwhile, the tensile strength increases by
3.66 MPa compared with the pure NR. The recent research is
merely focusing on 2 wt% loading of nanosilica, and further
work will be extended into different addition of nanosilica.
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A novel strategy, herein, is demonstrated for improving comprehensive properties of poly (methyl methacrylate)(PMMA)-based
gel polymer electrolyte (GPE) with a core-shell PMMA-grafted ordered mesoporous silica (OMS-g-PMMA). The OMS-g-PMMA
was synthesized by surface-initiated atom transfer radical polymerization of methyl methacrylate from the exterior surface of OMS
particle. A series of PMMA-based GPE membrances, filled with the OMS-g-PMMA of different contents, were further prepared by
solution casting technique. The OMS-g-PMMA was confirmed to possess regular core-shell structure, in which a PMMA shell is
chemically grafted to the exterior surface of silica core remaining intact mesoporous characteristics. Compared to the bare OMS,
the OMS-g-PMMA is found to more effectively improve the comprehensive properties of PMMA-based GPE including ionic
conductivity, thermal stability, and mechanical properties as well. For the PMMA-based GPE filled with 15 phr OMS-g-PMMA,
the ionic conductivity at 25◦C reaches 1.59 × 10−4 S · cm−1, which is higher by nearly two orders than that of the corresponding
filler-free parent GPE. Meanwhile, the tensile strength and Young’s modulus increase by 2.39 and 2.41 times, respectively, with an
improvement in glass-transition temperature (Tg) about 10◦C. The excellent comprehensive properties make the PMMA-based
GPE filled with OMS-g-PMMA as potential candidate for electrochemical devices.

1. Introduction

Polymer electrolytes with excellent comprehensive properties
have been attracting considerable attention in recent years
with increasing demands for safe, lightweight lithium ion
batteries, and various electrochemical devices of high per-
formance. A great number of strategies, so far, have been
explored for optimizing properties of polymer electrolytes,
typically such as modification by adding plasticizers [1–
5], and inorganic fillers [6–10]. Among them, impregnat-
ing plasticizer into polymer matrix to form gel polymer
electrolyte (GPE) is one of the widely adopted approaches,
since GPE combines the advantages of liquid electrolytes
with higher ionic conductivity and solid electrolytes with-
out leakage [11]. Nevertheless, GPE usually exhibits poor
mechanical properties and thermal instability owing to the
existence of plasticizer, which is the major hindrance to their

various practical applications. Although many methods have
been successfully demonstrated for improving certain single
property of GPE, it is still a challenge to develop GPE with
excellent comprehensive performance including higher ionic
conductivity, better mechanical properties and improved
thermal stability as well.

One of the preferable solutions to above challenge is to
incorporate inorganic nanosized fillers, such as SiO2 [3, 7, 8],
Al2O3 [6, 12], TiO2 [6, 13], and layered clays [11], into GPE
to form nanocomposite GPE (NGPE). It has been reported
that the introduction of some inorganic nanosized fillers
could lead to an improvement both in ionic conductivity
and in other properties including mechanical strength and
thermal stability [3, 11, 12]. The role of inorganic nanosized
fillers in improving ionic conductivity of GPE is usually
attributed to the Lewis acid-base interaction between the
polar surface of fillers and ionic species, which yields more
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mobile ion species, and thus leads to an improvement in
ionic conductivity [14, 15]. In addition, some surface groups
of inorganic nanosized fillers may provide physical cross-
linking centers [16], and thus can improve, to an extent,
the mechanical properties and thermal stability of GPE.
Obviously, it is of great importance for NGPE to ensure a
homogeneous dispersion of inorganic nanosized fillers in
matrix for the above roles depend largely on the particle
size and surface status of fillers. However, aggregation is
usually inevitable in polymer matrix for the bare inorganic
nanosized fillers due to their higher specific surface area
and poor interfacial compatibilization with polymer matrix.
Although the dispersibility of inorganic nanosized fillers in
polymer matrix could be improved by surface modification
with organic moieties such as coupling agent or polymer,
the modified surface status of fillers usually leads to the
dissociation of Lewis acid-base complex between the surface
of fillers and ionic species, which is unfavorable to the
improvement in properties of GPE.

We herein explore a novel strategy for improving
comprehensive properties of poly(methyl methacrylate)
(PMMA)-based GPE by using a core-shell PMMA-grafted
ordered mesoporous silica (OMS-g-PMMA) as filler. The
OMS-g-PMMA possesses a PMMA shell, which is chemically
grafted to the exterior surface of ordered mesoporous silica
(OMS) as a core remaining intact mesoporous structure. The
PMMA shell is expected to greatly improve the interfacial
interaction between the OMS and PMMA matrix, and
thus to impart the modified GPE with highly improved
mechanical properties and thermal stability. Moreover, the
silica core has ordered and tunable pore channels with
larger surface area and abundant surface –OH, which is
beneficial to the formation of Lewis acid-base interactions
between fillers-ions and thus to the improvement in ionic
conductivity of GPE. Although a large volume of research
papers on application of OMS as fillers in composite polymer
electrolyte (CPE) [10, 17–21] are available, researches related
to the effect of core-shell polymer-grafted OMS hybrid
particle as fillers in GPE are still scarce. In this research,
the OMS-g-PMMA was synthesized by surface-initiated
atom transfer radical polymerization (ATRP) of methyl
methacrylate from the exterior surface of OMS particle and
the PMMA-based GPE was prepared by solution casting
technique using the OMS-g-PMMA as filler, LiClO4 as salt
and propylene carbonate (PC) as plasticizer. The structure
of the OMS-g-PMMA was characterized and the role of it in
improving comprehensive properties of PMMA-based GPE
was assessed.

2. Experimental Section

2.1. Materials. Propylene carbonate (PC, >99.5%) and
2-bromoisobutyryl bromide (>98%) were purchased from
Acros Organics. 3-Aminopropyltriethoxysilane (APTEOS,
>98%) was supplied from J&K Chemical Ltd. CuBr (>98%)
was obtained from Strem Chemicals Inc. N,N,N,N ′,N ′′-
pentamethyl-diethylenetriamine (PMDETA, >98%) was
from Tokyo Chemical Industry Co., Ltd. Cetyltrimethy-

lammonium bromide (CTAB, analytical grade) was pur-
chased from Shanghai Bo’ao Biological Technology Co.,
Ltd. Tetraethyl orthosilicate (TEOS, analytical grade) and
triethylamine (>98%) was from Shanghai Chemical Reagent
Purchase and Supply Wulian Chemical Factory. LiClO4 was
supplied from Aladin Chemical Reagent Inc. of Shanghai,
China. Poly(methyl methacrylate) (PMMA) as a matrix was
obtained from Zhenjiang Qimei Chemical Industry Co., Ltd.
All above reagents/materials were used as received. Methyl
methacrylate (MMA, analytical grade) was purchased from
Quzhou Juhua Chemical Reagents Ltd. and purified by
distillation under reduced pressure prior to use.

2.2. Synthesis of Core-Shell OMS-g-PMMA Particles. The
strategy for synthesizing core-shell OMS-g-PMMA is
schematically illustrated in Figure 1. To synthesize the OMS
containing template (t OMS), 1.0 g CTAB as a template was
first dissolved in 500 mL deionized water, and then, 4 mL
NaOH aqueous solution (2 M) was added. The solution
was heated to 80◦C upon stirring and subsequently 20 mL
TEOS was added dropwise within 0.5 h. The reaction was
further lasted at 80◦C for 4 h and a white suspension was
gradually formed. The suspension was filtrated and the
resulting precipitate was washed thoroughly with methanol,
followed by drying at ambient temperature for 8 h in vacuum
to give the t OMS.

The resulting t OMS was subsequently modified with
a coupling agent, APTEOS, to give the amine group-
functionalized t OMS (t OMS-NH2). 4.0 g t OMS was
dispersed in 600 mL toluene containing 10.9 g APTEOS by
sonication for 1 h in a dried 1000 mL flask. The reaction was
lasted for 24 h under reflux upon stirring. The solid product
was collected by centrifugation and washed with methanol
(40 mL/time) for 2 times, followed by drying at 50◦C for 8 h
in vacuum to give the t OMS-NH2.

The ATRP initiator, 2-bromoisobutyryl bromide, was
further used to react with the t OMS-NH2 to give the ATRP
initiator-immobilized t OMS (t OMS-Br). 2.0 g t OMS-
NH2 was dispersed in 300 mL anhydrous dichloromethane
containing 2% triethylamine (V/V) by sonication in a dried
500 mL schlenk bottle. 20 mL 2-bromoisobutyryl bromide
was subsequently added dropwise within 3 h under N2

protection at 0◦C. The reaction was lasted at r.t. for 30 h, the
resulting suspension was centrifuged, and the solid product
was thoroughly washed with deionized water, acetone, and
toluene, in sequence, followed by drying at r.t. for 8 h in
vacuum to give the t OMS-Br. The CTAB as a template
contained in the t OMS-Br was further removed by an
extraction procedure with acidic ethanol and the OMS-Br
without containing template was finally collected.

A typical ATRP procedure was performed to prepare the
OMS-g-PMMA. 0.50 g dried OMS-Br, 0.03 g CuBr, 1.0 mL
PMDETA, 10.0 mL anhydrous toluene, and 5.0 mL MMA
were added into a dried 100 mL schlenk bottle. The mixture
was degassed through three freeze-pump-thaw cycles and
finally filled with N2 atmosphere. The reaction was subse-
quently carried out at 80◦C for 24 h under N2 protection. The
solid product was obtained by centrifuging the suspension
and was washed thoroughly with toluene and methanol,
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Figure 1: The schematic illustration for the synthesis of OMS-g-PMMA and preparation of PMMA/PC/LiClO4/OMS-g-PMMA gel polymer
electrolyte membrane.

respectively. The resulting powder was finally dried at 40◦C
for 24 h in vacuum, giving the OMS-g-PMMA.

2.3. Preparation of the PMMA-Based GPE Filled with the
OMS-g-PMMA. The PMMA-based GPE filled with the
OMS-g-PMMA was prepared by a solution casting tech-
nique. In a typical procedure, the synthesized OMS-g-
PMMA (5∼20 mg) was first dispersed in 20 mL THF con-
taining 30 mg PC and 50 mg LiClO4 by sonication for 1 h,
and then, the solvent was removed in vacuo to give a powder-
like mixture, OMS-g-PMMA/PC/LiClO4 (marked as I). The
matrix, PMMA, was further dissolved in THF to form a 30
wt % solution (marked as II). A series of PMMA-based GPE
filled with the OMS-g-PMMA of different loading concen-
trations, PMMA/PC/LiClO4/OMS-g-PMMA (100/30/50/x,
w/w/w/w, x changes from 0 to 20), were finally obtained by
mixing I and II under sonication and subsequent drying at
room temperature for 48 h in a PTFE mould. The x, herein,
represents the actual weight of OMS in the OMS-g-PMMA,
which can be calculated based on thermogravimetric analysis
(TGA). For comparison, a series of PMMA-based GPE
filled with the bare OMS, PMMA/PC/LiClO4/bare OMS
(100/30/50/x, w/w/w/w, x changes from 0 to 20), were also
prepared through the similar procedure mentioned as above.
For all the prepared GPE membranes, the average thickness
is controlled at ∼0.20 cm.

2.4. Characterization. Fourier transform infrared spectro-
scopy (FTIR) spectra were recorded on a Nicolet 6700 FTIR
spectrometer. All samples were prepared as pellets using
spectroscopic grade KBr in a presser. TGA was performed
on a SDT Q600 thermogravimetry analyzer. Measurements
were carried out under N2 protection from 25◦C to 800◦C at
a heating rate of 20◦C/min. High-resolution transmittance
electron microscopy (HRTEM) analysis was performed on a
300 kV JEM-100 CX II transmittance electron microscope.
TEM samples were prepared by dispersing little sample in
ethanol and subsequent depositing onto copper grids. Small-
angle X-ray diffraction (SAXRD) analysis was carried out
using an XD-98 diffractometer with Cu irradiation (36 kV,
30 mA) at ambient temperature. The scanning rate is
2.0◦/min for all samples with a step size of 0.02◦. Differential
scanning calorimetry (DSC) curves were obtained on a DSC
Q100 instrument equipped with a refrigerated cooling
system (RCS) under N2 atmosphere. Samples were heated
from 40◦C to 200◦C at 50◦C/min and then cooled to 40◦C
at 20◦C/min to eliminate heating history. Then, the data
was recorded on the second heating from 40◦C to 200◦C
at 20◦C/min. For all samples, the glass transfer temperature
(Tg) was read as the middle of the change in heat capacity.
The mechanical properties of PMMA-based GPE were tested
on a CMT 5104 universal materials mechanics tester at
ambient temperature. The crosshead speed was controlled at
15 mm/min. The test samples were designed as rectangular
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pieces with a dimension of 2.5 cm (length) × 1.1 cm (width)
× 0.1∼0.3 cm (thickness). The ionic conductivity of PMMA-
based GPE was determined by alternating current (AC)
impedance analysis on a CHI 650B electrochemical work-
station. The measurements were carried out using an elec-
trochemical cell consisting of polymer electrolyte membrane
sandwiched between two stainless steel electrodes in a fre-
quency range of 10 Hz to 0.1 MHz over a temperature range
of 298∼353 K at a relative constant humidity. The ionic
conductivity was calculated by

σ = 1
Rb
× d

S
, (1)

where d is the thickness of electrolyte membrane; S is the
contact area between electrode and electrolyte membrane;
Rb is the bulk impedance of electrolyte membrane. In this
research, the Rb was fitted through a Zplot software accord-
ing to the equivalent circuit of impedance data.

3. Results and Discussion

3.1. Structure Characterization of the OMS-g-PMMA. As
schematically illustrated in Figure 1, the core-shell PMMA-
grafted OMS hybrid particle was synthesized by surface-
initiated ATRP based on a literature method [22]. The OMS
remaining template (t OMS) was first synthesized by sol-gel
method and then modified with a coupling agent, APTEOS,
to give the amine group-functionalized t OMS (t OMS-
NH2). The ATRP initiator, 2-bromoisobutyryl bromide, was
further chemically immobilized onto the exterior surface of
OMS by reacting with the amine group from the t OMS-
NH2and the ATRP initiator-immobilized OMS (OMS-Br)
was obtained by removing the template contained in the t
OMS-Br through an extraction procedure. The core-shell
PMMA-grafted OMS was thus expected to be obtained by
using the resulting OMS-Br as substrate for subsequent
surface-initiated ATRP of MMA. The structure of the syn-
thesized OMS-g-PMMA was characterized by FTIR, TGA,
HRTEM, and SAXRD analysis, respectively.

Figures 2(a)–2(c) illustrates and compares the FTIR spec-
tra of the bare OMS, OMS-Br, and OMS-g-PMMA sample.
The peaks at 1087 cm−1, 1637 cm−1 and 3400 cm−1 can be
clearly observed for all the spectra. Among them, the peak at
1087 cm−1 originates from the Si-O stretching vibration in
the bulk silica and the peaks at 1637 cm−1 and 3400 cm−1

are usually attributed to the adsorbed water on the surface of
silica particles. In the spectrum (Figure 2(b)) of the ATRP
initiator-functionalized OMS, OMS-Br, two weak peaks at
2854 cm−1 and 2928 cm−1, characteristic of alky C-H stretch-
ing vibration modes, are found, while they are absent in
that (Figure 2(a)) of the bare OMS, indicating that the ATRP
initiator, 2-bromoisobutyryl bromide, has been covalently
immobilized onto the OMS particles. The stronger peak
at 1735 cm−1 in the spectrum (Figure 2(c)) of the purified
OMS-g-PMMA should be assigned to the C=O stretching
vibration associated with the ester group from the grafted
PMMA. In addition, two peaks at 2946 cm−1 and 2850 cm−1,
characteristic of alky C-H stretching vibration, are also found
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Figure 2: Fourier transform infrared (FTIR) spectra of the bare
OMS (a), OMS-Br, (b) and OMS-g-PMMA (c).
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Figure 3: Thermogravimetry analysis (TGA) curves of the bare
OMS (a), OMS-Br, (b) and OMS-g-PMMA (c).

in above spectrum, corresponding to the added alky groups
from the grafted PMMA. These indicate that PMMA chains
have been chemically bonded to the surface of OMS particles.

The TGA curves for the above three samples are shown
in Figures 3(a)–3(c). A mass loss at 700◦C about 10.29% is
found for the bare OMS, which might be due to the loss of
associated water and remaining CTAB template. Compared
to the bare OMS, the mass loss at 700◦C for the OMS-Br
increases from 10.29% to 30.47%, due to the introduction
of chemically bonded coupling agent and ATRP initiator
groups. The mass loss at 700◦C further increases to 59.50%
for the OMS-g-PMMA, indicating that PMMA chains have
been covalently grafted to the surface of OMS particles.
Taking the mass loss at 700◦C as reference, the grafting
ratio of PMMA in the OMS-g-PMMA could be calculated
to be 0.99 g PMMA/g OMS by assuming that all the organic
moieties were lost at 700◦C.

The morphology of the bare OMS and OMS-g-PMMA
particles was characterized by using HRTEM technique.
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Figure 4: High-resolution transmittance electron microscopy (HRTEM) images of the bare OMS ((a), (b)) and OMS-g-PMMA ((c), (d)).

Figures 4(a) and 4(b) shows the HRTEM images of the
bare OMS. It can be observed that the bare OMS particles
exhibit a roughly spherical shape with an average diameter
about 100 nm (Figure 4(a)). In addition, the hexagonally
packed dots and parallel stripes are obvious for the bare
OMS as shown in Figure 4(b), indicating a typical MCM-41
type mesoporous channel structure. The average pore size
of the bare OMS is about 3∼4 nm (Figure 4(b)), which is
comparable to that (3.5 nm) determined by N2 adsorption
testing. Figures 4(c) and 4(d) shows the HRTEM images
for the OMS-g-PMMA. A smooth PMMA shell around
the exterior surface of OMS particle, as a core, could be
clearly found with an average shell thickness about 20 nm
(Figure 4(d)). Moreover, it is also clear that the ordered
mesoporous structure of the OMS core is still intact after
surface modification by surface-initiated ATRP of MMA.

Figures 5(a) and 5(b) shows the small-angle X-ray dif-
fraction patterns of the bare OMS and OMS-g-PMMA. The
XRD pattern for the bare OMS (Figure 5(a)) exhibits an
intense peak at 2θ = 2.148◦, which is usually associated with
the (100) diffraction when a hexagonal cell is assumed [23].

In addition, two weak peaks, in the region of 2θ = 3.5∼4.5◦,
is also found in the above pattern, which can be indexed
as the (110) and (200) diffractions. These confirm that
the synthesized OMS has a typical MCM-41 type ordered
mesoporous channel structure. As shown in Figure 5(b), the
XRD pattern for the OMS-g-PMMA is similar to that of the
bare OMS, indicating a remaining intact hexagonal array of
the pores in the OMS core after the surface-initiated ATRP of
MMA.

3.2. Ionic Conductivity Properties. To examine the effect of
the resulting core-shell OMS-g-PMMA on improving the
ionic conductivity of PMMA-based GPE, two types of GPE
including PMMA/PC/LiClO4/OMS-g-PMMA and PMMA/
PC/LiClO4/bare OMS were prepared, respectively, with dif-
ferent filler-loading contents by a solution casting technique.
The ionic conductivity of the resulting GPE was subsequent-
ly determined and compared by AC impendence analy-
sis method. Figure 6 shows the impendence plots for
the GPE, PMMA/PC/LiClO4/OMS-g-PMMA (100/30/50/15,
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Figure 5: Small-angle X-ray diffraction (SAXRD) patterns of the
bare OMS (a) and OMS-g-PMMA (b).

w/w/w/w), at different temperature. It is shown that at
a lower testing temperature, such as 25◦C and 30◦C, the
profile consists of a completely depressed semicircle in high-
frequency range and a straight line inclined at a constant
angle to the real axis in lower frequency range. The depressed
semicircle is related to the conduction process, which corre-
sponds to the bulk resistance, while the linear region is due
to the effect of the blocking electrodes, corresponding to the
interfacial impendence [6]. In addition, it is also found that
the depressed semicircle disappeared gradually, in the higher
temperature range (40∼80◦C), and only a linear region was
shown in the lower frequency range, which might be due to
the softening of GPE membrane at a higher temperature.

The ionic conductivity of various GPE membranes was
further calculated by referring to (1), where the bulk resist-
ance,Rb (Ω), could be determined as the abscissa of crossover
of the high- and low-frequency curves in the impendence
plot [1]. Figures 7(a) and 7(b) illustrates the temperature
variation of the conductivity for two different types of
PMMA-based GPE systems, PMMA/PC/LiClO4/bare OMS
(100/30/50/x, w/w/w/w) and PMMA/PC/LiClO4/OMS-g-
PMMA (100/30/50/x, w/w/w/w), under different filler-load-
ing contents. It can be seen that the conductivity for both
systems shows the same dependence on the absolute tem-
perature, increasing with the absolute temperature in a non-
linear relationship. This non-Arrhenius behavior indicates
that the ion transport in above GPE systems is dependent on
polymer segmental motion and thus can best be described by
the Vogel-Tamman-Fulcher (VTF) equation (2) as follows:

σ = AT−1/2 exp
[
− B

(T − T0)

]
, (2)

where A and B are constants and T0 is a reference tem-
perature [2]. This equation is characteristic of amorphous
polymeric electrolytes, which follows free-volume mode.

Figure 8 illustrates the variation trend of ionic conduc-
tivity as a function of filler-loading content for the PMMA-
based GPE filled with the bare OMS and OMS-g-PMMA,
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Figure 6: AC impendence spectra under different temperature
of the PMMA-based GPE, PMMA/PC/LiClO4/OMS-g-PMMA
(100/30/50/15, w/w/w/w).

respectively, in a temperature range of 25◦C to 80◦C. The
detailed conductivity data at 25◦C are also listed in Table 1
for comparison. As can be seen the conductivity for the filler-
filled PMMA-based GPE demonstrates a general increasing
trend compared to the parent GPE without doping with
filler. The conductivity at 25◦C is 1.17 × 10−4 S·cm−1 and
1.59 × 10−4 S·cm−1 for the PMMA/PC/LiClO4/bare OMS
(100/30/50/15, w/w/w/w) and PMMA/PC/LiClO4/OMS-g-
PMMA (100/30/50/15, w/w/w/w) membrane, respectively,
which are remarkably higher than that of their parent GPE
(4.76 × 10−6 S·cm−1) by nearly two order of magnitude.
Such an increase in conductivity is maybe due to an ad-
ditional ion-conducting pathway besides the cooperation
interaction between PMMA segment and Li+ cations. The
additional ion-conducting pathways may be ascribed to the
cooperation interaction between the silicon O atoms of OMS
and Li+ cations, as well as the characteristic orderly packed
channels of OMS, which is maybe helpful for transmitting
Li+ cations by imbedding PMMA and PC into pores. In
addition, it is obvious as shown in Figure 8(a) that the
conductivity, for the bare OMS filled system, increases with
increasing the OMS filler-loading content and reaches a
maximum value when the filler-loading content is 15 phr and
then begins to decrease. This trend is especially obvious at a
lower temperature such as 25◦C, 30◦C, and 40◦C. This trend
is likely due to the poor interfacial compatibilization between
the bare OMS and PMMA matrix, which results in marked
aggregation under a higher OMS filler-loading content. As
a result, the conductivity of system decreases with further
increasing filler-loading content due to the agglomeration of
OMS into larger particles, by which the Li+ transferring will
be obstructed.
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Figure 7: Temperature dependence of ionic conductivity of PMMA-based GPE with different filler-loading contents. (a) PMMA/PC/
LiClO4/bare OMS (100/30/50/x, w/w/w/w); (b) PMMA/PC/LiClO4/OMS-g-PMMA (100/30/50/x, w/w/w/w).
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Figure 8: Ionic conductivity of PMMA-based GPE as a function of filler-loading content. (a) PMMA/PC/LiClO4/OMS (100/30/50/x,
w/w/w/w); (b) PMMA/PC/LiClO4/OMS-g-PMMA (100/30/50/x, w/w/w/w). For (b), the x is the actual mass of OMS contained in the OMS-
g-PMMA.

Table 1: Ionic conductivity of PMMA-based GPE with different filler-loading content at 25◦C.

Sample
σ (×10−6 S·cm−1)

x = 0 x = 5 x = 10 x = 15 x = 20

PMMA/PC/LiClO4/bare OMS (100/30/50/x, w/w/w/w) 4.76 5.41 8.41 117.26 26.99

PMMA/PC/LiClO4/OMS-g-PMMA (100/30/50/x, w/w/w/w) 4.76 105.61 132.01 159.41 113.40



8 Journal of Nanomaterials

Table 2: Ionic conductivity of PMMA-based GPE under different temperature at a filler-loading content of 15 phr.

Sample
σ (×10−4 S·cm−1)

25◦C 30◦C 40◦C 50◦C 60◦C 70◦C 80◦C

PMMA/PC/LiClO4/OMS (100/30/50/15, w/w/w/w) 1.17 1.57 3.07 4.85 5.80 6.92 7.60

PMMA/PC/LiClO4/OMS-g-PMMA (100/30/50/15, w/w/w/w) 1.59 2.38 4.12 8.08 9.88 11.70 12.10

Table 3: Mechanical properties of PMMA-based GPE membranes.

Sample Tensile strength (MPa) Modulus (MPa) Elongation (%)

PMMA/PC/LiClO4 (100/30/50, w/w/w) 0.59 0.22 75.19

PMMA/PC/LiClO4/bare OMS (100/30/50/15, w/w/w/w) 0.96 0.49 60.65

PMMA/PC/LiClO4/ OMS-g-PMMA (100/30/50/15, w/w/w/w) 2.01 0.75 86.52

As shown in Figure 8(b), the conductivity of the OMS-g-
PMMA filled system increases with filler-loading content and
a highest conductivity was gained at 15 phr OMS-g-PMMA
loading content followed by decrease in conductivity with
further increase in filler-loading content, which is totally sim-
ilar to the bare OMS filled system. However, it is noteworthy
that at 25◦C the conductivity for the OMS-g-PMMA filled
system is always higher than that of the bare OMS filled
system corresponding to the whole filler-loading content
range as shown in Table 1. Moreover, the conductivity for the
OMS-g-PMMA filled system gained a higher value (1.06 ×
10−4 S·cm−1) only when 5 phr OMS-g-PMMA was added,
which is comparable to that (1.17 × 10−4 S·cm−1) for
the bare OMS-filled system corresponding to 15 phr filler-
loading content. This indicates that it is easier, for the OMS-
g-PMMA filled system, to form an ions transferring network
at a lower filler-loading content compared to the bare OMS
filled system, which might be due to the highly improved
interfacial compatibilization between the OMS and PMMA
matrix resulting from surface-modification of OMS through
surface-initiated ATRP of MMA. Similarly, it is also found
from Table 2 that the conductivity for the OMS-g-PMMA
filled system is always higher than that for the bare OMS
filled system at the same filler-loading content (15 phr)
corresponding to the whole temperature range from 25◦C to
80◦C.

3.3. Thermal Properties. The thermal properties of the
PMMA-based GPE filled with the bare OMS and OMS-g-
PMMA, respectively, were characterized by DSC. The effect
of fillers on improving the thermal properties of both systems
was evaluated. Figures 9(a) and 9(b) illustrates and compares
the DSC curves for both systems under different filler-load-
ing content. For the purpose of comparison, the DSC curve
for the pure PMMA as GPE matrix is also represented in
above figure. As shown in Figure 9(a), the pure PMMA
exhibits a higher glass-transition temperature (Tg , 106.3◦C)
due to the higher stiffness of chains. With the addition of
LiClO4 and plasticizer, PC, the Tg for the filler-free sample
(x = 0) is decreased to 103.4◦C with a slight drop about
3◦C compared to the pure PMMA. However, a gradual
improvement in Tg is observed when the bare OMS of
different loading contents was added, showing the effect of

OMS filler. The Tg for the sample (x = 10) containing 10 phr
bare OMS increases to 110.1◦C, which is higher than that of
the filler-free sample (103.4◦C) and even the pure PMMA
(106.3◦C). Such an improvement in Tg might be attributed
to the characteristic nanoporous structure of OMS particles,
which is expected to reduce the mobility of PMMA chains
by imbedding the PMMA chains into pore channel under
sonication condition. Similarly, a greater improvement in Tg

was detected, for the OMS-g-PMMA filled GPE system, with
the introduction of the OMS-g-PMMA core-shell particles
as shown in Figure 9(b). A maximum (118.9◦C) in Tg was
gained corresponding to 15 phr filler-loading content (x =
15), which is considerably higher, by 15.5◦C and 12.6◦C, than
that of the free-filler sample and pure PMMA, respectively.
The explanation for this is maybe due to the characteristic
core-shell hybrid structure of the OMS-g-PMMA, in which
the PMMA shell grafted onto the exterior surface of OMS
core may entangle with the PMMA matrix and thus can
highly improve the interfacial compatibilization between the
OMS particles with PMMA matrix. As a result, the Tg of
system will be considerably improved due to the reduction
in mobility of PMMA chains resulting from the entangled
structure mentioned as above.

3.4. Mechanical Properties. One of the major drawbacks as-
sociated with GPE is the poor mechanical properties due to
the addition of excess plasticizer into polymer matrix. Incor-
porating various types of inorganic nanofillers into polymer
matrix to prepare the composite GPE (NGPE) is one of the
effective approaches for improving the mechanical properties
of GPE. The effect of the OMS-g-PMMA on the mechanical
properties of the PMMA-based GPE is examined by tensile
testing. The stress-strain curves for the PMMA-based GPE
filled with 15 phr of OMS-g-PMMA is shown in Figure 10
and the tensile properties are given in Table 3. The mechan-
ical properties of the GPE filled with 15 phr of bare OMS
and the filler-free GPE sample are also given in Figure 10 and
Table 3 for comparison. As can be seen the introduction of
the bare OMS (15 phr) improves, to an extent, the tensile
strength and Young’s modulus of the PMMA-based GPE
while decreasing slightly the elongation at break. Compared
to the filler-free GPE sample, the tensile strength increases by
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Figure 9: Differential scanning calorimetry (DSC) curves of (a) PMMA/PC/LiClO4/bare OMS (100/30/50/x, w/w/w/w) and (b) PMMA/
PC/LiClO4/OMS-g-PMMA (100/30/50/x, w/w/w/w). Here, x changed from 0 to 20. For (b), the x is the actual mass of OMS contained in the
OMS-g-PMMA.
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Figure 10: Stress-strain curves of PMMA-based GPE. (a)
PMMA/PC/LiClO4 (100/30/50, w/w/w); (b) PMMA/PC/LiClO4/
bare OMS (100/30/50/15, w/w/w/w); (c) PMMA/PC/LiClO4/OMS-
g-PMMA (100/30/50/15, w/w/ w/w).

62.7% and the modulus by 123.0%. In the case of the OMS-g-
PMMA-filled GPE sample, a more significant enhancement
in mechanical properties was observed compared to the bare
OMS filled GPE sample. The tensile strength and modulus
reach 2.01 MPa and 0.75 MPa, respectively, which is higher
by 2.39 times and 2.41 times, respectively, compared to that
of the filler-free sample. This indicates that the mechanical
properties of the PMMA-based GPE could be effectively
improved by adding the core-shell PMMA-grafted OMS into
PMMA matrix, which is consistent with the results on DSC
analysis that introducing OMS-g-PMMA into PMMA matrix
considerably increases the Tg of GPE. The characteristic
core-shell structure of the OMS-g-PMMA particles should
be responsible for above improvement both in Tg and in
mechanical properties of PMMA-based GPE.

4. Conclusion

The core-shell PMMA-grafted OMS hybrid particle has been
successfully synthesized by surface-initiated ATRP of MMA.
FTIR, TGA, SAXRD, and HRTEM analysis confirm that the
resulting OMS-g-PMMA possesses typical core-shell struc-
ture, in which a homogeneous PMMA shell is chemically
bonded to the exterior surface of the OMS as a core retaining
intact MCM-41 type mesoporous structure. The character-
istic core-shell OMS-g-PMMA is found, as a filler, to more
effectively improve the ionic conductivity of the PMMA-
based GPE compared to the bare OMS. AC impedance meas-
urements show that the temperature dependence of ionic
conductivity for the PMMA-based GPE filled with OMS-g-
PMMA exhibits VTF behavior, and a maximum in conduc-
tivity (1.59 × 10−4 S·cm−1, 25◦C) could be gained at 15 phr
filler-loading content, which is higher by nearly two orders
than that of the filler-free PMMA-based GPE. Moreover,
the results on DSC and tensile testing indicate that the me-
chanical properties of the PMMA-based GPE could be greatly
improved by adding the OMS-g-PMMA to matrix, with
a considerable enhancement in Tg (∼15.5◦C). The tensile
strength increased by 2.39 times and Young’s modulus by
2.41 times, compared to the filler-free PMMA-based GPE,
at 15 phr filler-loading content. The excellent comprehensive
properties make the PMMA-based GPE filled with OMS-g-
PMMA prospective for lithium batteries and other electro-
chemical devices.

Acknowledgments

The authors would like to acknowledge the financial support
from the National Nature Science Fund of China (21074117)
and appreciate the support of the Key Research Project (no.
2008C01021-2) from Science and Technology Department of
Zhejiang Province.



10 Journal of Nanomaterials

References

[1] Y. Wang, X. Ma, Q. Zhang, and N. Tian, “Synthesis and
properties of gel polymer electrolyte membranes based on
novel comb-like methyl methacrylate copolymers,” Journal of
Membrane Science, vol. 349, no. 1-2, pp. 279–286, 2010.

[2] S. Rajendran, V. S. Bama, and M. R. Prabhu, “Effect of
lithium salt concentration in PVAc/PMMA-based gel polymer
electrolytes,” Ionics, vol. 16, no. 1, pp. 27–32, 2010.

[3] Y. Liao, M. Rao, W. Li, C. Tan, J. Yi, and L. Chen, “Improve-
ment in ionic conductivity of self-supported P(MMA-AN-
VAc) gel electrolyte by fumed silica for lithium ion batteries,”
Electrochimica Acta, vol. 54, no. 26, pp. 6396–6402, 2009.

[4] Q. Xiao, Z. Li, D. Gao, T. He, and H. Zhang, “Preparation and
electrochemical performance of gel polymer electrolytes with
a novel star network,” Journal of Applied Electrochemistry, vol.
39, no. 2, pp. 247–251, 2009.

[5] L. Othman, K. W. Chew, and Z. Osman, “Impedance spec-
troscopy studies of poly (methyl methacrylate)-lithium salts
polymer electrolyte systems,” Ionics, vol. 13, no. 5, pp. 337–
342, 2007.

[6] D. Shanmukaraj, G. X. Wang, R. Murugan, and H. K.
Liu, “Ionic conductivity and electrochemical stability of
poly(methylmethacrylate)-poly(ethylene oxide) blend-
ceramic fillers composites,” Journal of Physics and Chemistry
of Solids, vol. 69, no. 1, pp. 243–248, 2008.

[7] J. P. Sharma and S. S. Sekhon, “Nanodispersed polymer gel
electrolytes: conductivity modification with the addition of
PMMA and fumed silica,” Solid State Ionics, vol. 178, no. 5-6,
pp. 439–445, 2007.

[8] S. Ahmad, S. Ahmad, and S. A. Agnihotry, “Nanocomposite
electrolytes with fumed silica in poly(methyl methacrylate):
thermal, rheological and conductivity studies,” Journal of
Power Sources, vol. 140, no. 1, pp. 151–156, 2005.

[9] Y. X. Jiang, Z. F. Chen, Q. C. Zhuang et al., “A novel
composite microporous polymer electrolyte prepared with
molecule sieves for Li-ion batteries,” Journal of Power Sources,
vol. 160, no. 2, pp. 1320–1328, 2006.

[10] J. Xi, X. Qiu, M. Cui, X. Tang, W. Zhu, and L. Chen, “Enhanced
electrochemical properties of PEO-based composite polymer
electrolyte with shape-selective molecular sieves,” Journal of
Power Sources, vol. 156, no. 2, pp. 581–588, 2006.

[11] F. Chen, X. Ma, X. Qu, and H. Yan, “Structure and properties
of an organic rectorite/poly(methyl methacrylate) nanocom-
posite gel polymer electrolyte by in situ synthesis,” Journal of
Applied Polymer Science, vol. 114, no. 5, pp. 2632–2638, 2009.
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This work is devoted to synthesize different semiconductor nanoparticles and their metal-hybrid nanocomposites such as TiO2 ,
Au/TiO2, ZnO, and Au/ZnO. The morphology and crystal structure of the prepared nanomaterials are characterized by the TEM
and XRD, respectively. These materials are used as catalysts for the photodegradation of Malathion which is one of the most
commonly used pesticides in the developing countries. The degradation of 10 ppm Malathion under ultraviolet (UV) and visible
light in the presence of the different synthesized nanocomposites was analyzed with high-performance liquid chromatography
(HPLC) and UV-Visible Spectra. A comprehensive study is carried out for the catalytic efficiency of the prepared nanoparticles.
Different factors influencing the catalytic photodegradation are investigated, as different light source, surface coverage, and nature
of the organic contaminants. The results indicate that hybrid nanocomposite of the semiconductor-metal hybrid serves as a better
catalytic system compared with semiconductor nanoparticles themselves.

1. Introduction

Malathion, an organophosphorous pesticide with abroad
range of target pests, has been widely used in agriculture.
Malathion is suspected to cause child leukemia, anemia, and
kidney failure and is widely used in developing countries
[1, 2]; it can persist in the human body for at least two
generations [3, 4]. However, due to its chemical stability and
high toxicity, Malathion resists to biodegrade [5]. Therefore,
it was important to explore a new methodology for reducing
the contamination of water with Malathion. Photocatalysis
is considered to be one of the most potential pollution
remediation technologies in recent decades [6, 7]. In recent
years, semiconductor photocatalysis has become more and
more attractive and important since it has a great potential
to contribute to such environmental problems. One of the
most important aspects of environmental photocatalysis is
the selection of the semiconductor material. Semiconductor

photocatalyst generates electron and hole pair (e−-h+) upon
irradiation of light energy that could be utilized in initiating
oxidation and reduction reactions of the pesticide, respec-
tively. Guillard et al. [8] reported that the number of photons
striking the photocatalyst actually controls the rate of the
reaction which is an indication that the reaction takes place
only on the adsorbed phase of the semiconductor particle.
Surface morphology, namely, the particle size and shape is
a very important parameter influencing the performance
of photocatalyst in photocatalytic oxidation [9]. TiO2 is
one of the most commonly studied photocatalyst for it is
easily available, relatively inexpensive, and chemically stable
[10, 11]. However, TiO2 is incompetent due to the wide
band gap, it can only be triggered by near UV radiation,
the photo generated electron and hole pairs are liable to
recombination, leading to low quantum yields [12, 13].
ZnO has received much attention in the degradation of
environmental pollutants since it has almost the same band
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gap energy (3.2 eV) as TiO2. However, photo-corrosion
frequently occurs with illumination of UV light and is
considered as one of the main reasons for the decrease of
ZnO photocatalytic activity.

Nanosized Gold particle possesses many excellent prop-
erties, such as easy reductive preparation, water solubility,
high chemical stability, and significant biocompatibility and
affinity [14]. Surface plasmon resonance absorption is a
unique property of gold which is the ability of showing
a strong absorption band in the visible region when the
frequency of the electromagnetic field is resonant with the
coherent electron motion [15]. Combining the semiconduc-
tor and metallic character in the same nanomaterial could
enhance the catalytic activity due to the increase of the
photo-absorption resulting from the plasmonic effect and
also increases the rate of charge separation at the interface.

The prospect of developing new multifunctional
nanocomposites of metal gold hybridized with inorganic
components has become of great importance [16–18].
Bimetallic colloids are interesting from a number of
perspectives, such as their unique electronic, catalytic, and
optical properties [19–21]; photodegradation of Malathion
has been studied in aqueous solution using an Au-Pd-TiO2

nanotubes film [22].
In the present work, we tested the suitability of using

semiconductor nanocomposites (TiO2, ZnO) and metal
semiconductors nanocomposite (Au/TiO2, Au/ZnO) for the
photodegradation of Malathion. The photocatalytic activities
of the different synthesized nanoparticles are compared, and
the influence of different parameters is studied, such as
surface coverage and light source irradiation. The efficiency
of the catalytic activity showed dependence on source of light
irradiation, particle size, crystalline, surface coverage of the
nanocomposite, and nature of the organic contaminate.

2. Materials and Methods

2.1. Chemicals. Malathion (99% HPLC grade) was pur-
chased from Fluka and used as received. Hydrogen tetra-
chloroaurate trihydrate (HAuCl4.3H2O) (99.9%) was pur-
chased from Sigma-Aldrich, and Polyvinyl pyrrolidone PVP-
K30 (Av. Wt. 22000) was purchased from Fluka. Tri-sodium
citrate (99%) was purchased from (Sigma-Aldrich), sterile
sodium chloride physiological saline (0.9%) (ADWIC).
TiO2, ZnO and HPLC grade solvents (purity 99%) such as
methanol and ethanol were purchased from Aldrich. High
purity water used in the experiments was purified with the
milli-Q system. All chemicals were used without any further
purification.

2.2. Synthesis of Semiconductor Nanoparticles

2.2.1. Synthesis of TiO2 Nanoparticles. The precursor of 5 mL
Titanium isopropoxide is added to a mixture of 5 mL of
isopropyl alcohol and 3 mL glacial acetic acid dropwise with
constant stirring. The prepared particles are separated with
centrifuge and dried for further characterization. The parti-
cle size and shape is determined using TEM and the crystal
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Figure 1: Chemical structure of Malathion.

structure is determined using XRD. The optical absorption is
measured using UV-Visible PerkinElmer Lambda 40 double
beam spectrophotometer.

2.2.2. Synthesis of ZnO Nanoparticles. 1.48 g (10 mmoL) of
Zn(CH3COO)22H2O and 1.38 g (23.8 mmoL) of NaHCO3

are mixed at room temperature. The mixture is ignited at
300◦C for 3 hours. The Zn(CH3COO)22H2O is converted
to ZnO nanoparticles, while the NaHCO3 is converted to
CH3COONa and eventually washed away with deionized
water until the formation of white ZnO nanoparticles. The
particle size and shape is determined using TEM, and the
crystal structure is determined using XRD.

2.2.3. Synthesis of Gold Nanoparticles by Citrate Method.
Spherical gold nanoparticles (GNPs) were prepared in aque-
ous solution according to a method described by Turkevich.
Simply, the method is a chemical reduction of gold ions by
sodium citrate in aqueous solution. Sodium citrate serves
also as a capping material which prevents aggregation and
further growth of the particles. 5 mL of 1% sodium citrate
solution was added to 40 mL chloroauric acid (HAuCl4)
boiling solution containing 5 mg of gold ions. The solution
was boiled for 30 minutes and was then left to cool down to
room temperature. The particle size and shape is determined
using TEM, and the crystal structure is determined using
XRD.

2.2.4. Synthesis Au/TiO2 and Au/ZnO Nanoparticles. Gold
nanoparticles are prepared by citrate method as shown
above, and the obtained particles are used as a seed to grow
TiO2 or ZnO nanoshell. The reaction mixture is microwaved
for 12 minutes. The particle size and shape is determined
using TEM, and the crystal structure is determined using
XRD.

2.3. Photodegradation of Malathion. Photodegradation radi-
ation rate of Malathion was carried out using Bischof HPLC
system (Mainz, Germany), C18, reversed Colum (250 ×
4.6 mm), and UV-detector with variable wave length 250 nm
was used. Methanol/water (70/30) was used as an eluent at
flow rate of 1 mL/min at retention times 12 min. 20 μL was
injected to the HPLC at periodic interval 20 minutes. The
adsorption of the pesticides on the nanoparticles resulted
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Figure 2: Shows TEM image (a), UV-Vis absorption spectrum (b), and XRD patterns (c) of prepared TiO2 nanoparticles.
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Figure 3: Shows TEM image (a), UV-Vis absorption spectrum (b), and XRD patterns (c) of prepared ZnO nanoparticles.

in the gradual decrease in the peak area and area percent
in comparison to the peak area and area percent of the
standard solution of the Malathion. An interaction was
carried out between 10 ppm of Malathion (Figure 1) with
the different synthesised nanoparticles (TiO2, ZnO, Au/ZnO,
and Au/TiO2) of three different concentrations (10−4, 3
× 10−5, 10−5 M) ; the different aliquots were subjected to
UV lamp, natural sunlight and investigated at equal time
intervals 30 min and analyzed by using Perkin Elemer 240
spectrophotometer. Data acquisition and manipulation were
performed using computer-based program.

3. Results and Discussion

3.1. Characterization of the Synthesized Nanocomposites.
Different metal oxide nanoparticles such as TiO2, ZnO, and
their core-shell gold nanocomposites has been synthesized
chemically as shown in the experimental part and character-
ized using absorption spectra, TEM and XRD. Figures 2, 3,
4, and 5 show the absorption spectra associated with TEM
images for all the particles prepared. As shown in Figures 2–
5, the prepared nanoparticles have monodispersed size and
shapes and their size is less than 100 nm and a band gap
absorption in the UV region; accordingly irradiation with
UV light only creates (e−-h+) pair and activates the material

to be a photocatalyst. Presence of gold with the nanocom-
posite enhances its absorption coefficient and increases the
photocatalytic activity due to the increase in the charge
separation rate. Also the gold-semiconductor composite has
absorption at visible region due to the surface plasmon of
the gold particle; this means that the photocatalytic activity
of gold could be initiated by irradiation with both UV and
visible lights.

3.2. Effect of Different Light Sources. Malathion has a char-
acteristic absorption band at 260 nm; however, the rate of
photodegradation is followed using the decay of this band.
The degradation of Malathion was carried out under the
irradiation of light from two different sources, sun light
(which is mainly visible light) and UV lamp which emits
light around 254 nm (Table 1). It has been reported that
the photodegradation rate increases as increasing the light
intensity during photocatalytic degradation reaction [22–
25]. Our results clearly indicate that UV irradiation causes
higher rate of degradation for Malathion than with sun
light, due to high intensity of light which is suitable for
the excitation of many electrons from the valence band of
the metal oxide semiconductor as illustrated in Figure 6.
The band gap for TiO2 and ZnO lies in the UV region,
thus, using UV light initiates the excitation of electrons
from the conduction band into the valance band due to the
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Figure 4: Shows TEM image (a), UV-Vis absorption spectrum (b), and XRD patterns (c) of prepared Au/TiO2 nanoparticles.
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Figure 5: Shows TEM image (a), UV-Vis absorption spectrum (b), and XRD patterns (c) of prepared Au/ZnO nanoparticles.
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Figure 6: Scheme shows the roles of the Semiconductor metal
oxide in photodegradation which creates active oxygen causing
decomposition of water pollutants.

formed electron or active oxygen which are responsible for
the degradation of the Malathion. Presence of the gold in the
photocatalyst permits the photodegradation of Malathion in
natural sun light since it is a visible light responsive catalyst
having an absorption band around 520 nm; this explains
the marked increase in photodegradation of Malathion with
Au/ZnO and Au/TiO2. The catalytic activity is markedly

Table 1: Degradation of Malathion after 1 hour on irradiation to
UV-lamp and natural sun light.

Photocatalysts
Degradation rate %

Irradiation to sun light Irradiation to UV-C lamp

TiO2 6 68

ZnO 5 60

Au/ZnO 62 79

Au/TiO2 67 81

enhanced by doping small amounts of metals such as
Au which prevents the electron hole recombination and
accelerates the photocatalytic degradation with UV light to
a greater extent as shown in (Table 1). Figure 7 presents the
HPLC chromatograms for Malathion alone, and after the
addition of the different nanoparticles, Malathion showed a
marked decrease in the peak height and the integration area
percentage in addition to the Au/TiO2 and Au/ZnO nanopar-
ticles to Malathion in comparison to the photodegradation
using TiO2 and ZnO as presented in (Table 2), which adopts
the idea that the presence of gold effectively scavenged the
holes, thus competing with the charge recombination which
in terms accelerates the photodegradation.
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Figure 7: Shows HPLC chromatogram for Malathion (a), Malathion + Au/ZnO (b), and Malathion Au/TiO2 (c).
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Figure 8: Shows the effect of different concentrations of TiO2 nanoparticle on the degradation of Malathion.

Table 2: HPLC integration area for Malathion on irradiation to UV.

Photocatalyst
Integration area (%)

At once After an hour

TiO2 83 40

Au/TiO2 75 19

Au/ZnO 85 27

3.3. Effect of the Nature of Photocatalyst. A direct correlation
exists between the removal of the organic pollutant and the
surface coverage of TiO2 photocatalyst [26]. Heterogeneous
photocatalytic reactions are known to show a proportional
increase in the photodegradation with catalyst loading
[27]. Generally, in any given photocatalytic application,
the optimum catalyst concentration must be determined,
in order to avoid the excess catalyst and ensure the total
absorption of the efficient photons [28]. This is because
the scattering of an unfavorable light and reduction of

light penetration into the solution is observed with excess
photocatalyst loading [29]. During photocatalytic oxidation
process, the concentration of organic substrate over time is
dependent upon photonic efficiency [30]. At high-substrate
concentrations, however, the photonic efficiency diminishes
and the titanium dioxide surface becomes saturated leading
to catalyst deactivation [31]. Different concentrations of
the nanoparticles were investigated to select the optimal
concentration for efficient photodegradation. As presented
in Figure 8, it is concluded that 10−4 M is the optimum
concentration for efficient degradation of Malathion using
the different nanoparticles; about 69% was achieved in 1
hour using TiO2; at lower concentrations (3 × 10−5, 10−4)
free radical production rate is limited which suppresses the
rate of the degradation reaction to (10–20%). The same trend
was obtained for the prepared nanoparticles as presented in
Figures 9-10; an increase of the degradation percentage was
observed on using Au/ZnO and Au/TiO2 and also a reduction
of the radiation rate time, which is due to the presence of
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Figure 9: Shows time-dependent degradation of Malathion using
TiO2 in UV lamp.
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Figure 10: Shows time-dependent degradation of Malathion using
Au/ZnO in UV lamp.

the gold which prevents the electron hole recombination and
accelerates the photodegradation.

3.4. Effect of the Nature of the Contaminant. Organic
molecules which adhere effectively to the surface of the pho-
tocatalyst are more susceptible to direct oxidation [32]. Thus
the photocatalytic degradation of aromatics depends on the
substituent group. It is reported that nitro-phenol is much
stronger adsorbing substrate than phenol and therefore
degrades faster [33]. In the degradation of chloroaromatics,
Bhatkhande et al. [34] pointed out that monochlorinated
phenol degrades faster than di- or tri-chlorinated member.
In general, molecules with electron withdrawing groups such
as nitrobenzene and benzoic acid were found to adsorb
significantly in the dark compared to those with electron
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Figure 11: Shows time-dependent photodegradation of cholrida-
zon in UV lamp after addition of 10−4 TiO2/Au (a) and ZnO/Au
(b).

donating groups [35]. During photocatalytic oxidation pro-
cess, the concentration of organic substrate over time is
dependent upon photonic efficiency [36]. At high-substrate
concentrations, however, the photonic efficiency diminishes
and the titanium dioxide surface becomes saturated leading
to catalyst deactivation [37]. In the present work, we com-
pared the degradation of two different pesticides as a model
for aliphatic (Malathion) and chloroaromatic (chloridazone)
by subjecting them to the same concentration of different
categories of nanoparticle Au/TiO2 and Au/ZnO and for
same period of time, about 1 hour. As indicated in Figure 11,
it is clearly shown that the degradation of chloridazone
is faster in comparison to Malathion; a similar trend of
degradation was obtained for the both types of nanoparticles
since after irradiation to UV lamp for 30 min the degradation
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of Malathion was about 30%, while in case of chloridazone
it was about 50%; this could be explained in terms of
the presence of aromatic rings as well as the number and
nature of substituent on the ring (like electron donating or
electron withdrawing groups) which are known to affect the
adsorption and consequently the degradation rate [38].

4. Conclusion

The ability to synthesize multicomponent nanocomposites
is important to improve the electronic, optical, and mag-
netic functionality. According to our study, gold hybrid
semiconductor-noble metal nanocrystals not only combine
the unique properties of the metal and semiconductors
but also generate collective new phenomena based on
the intraparticles interaction between the metal and the
semiconductor at their interface. The presence of metal-
semiconductor interface promotes effective charge separa-
tion carrier transfers which subsequently enhance photo-
catalytic effect. Photodegradation of 10 ppm Malathion was
enhanced in the presence of gold-semiconductor nanoparti-
cle; other factors also influenced the degradation rate such as
different light sources and nature of the catalyst.
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