
N
a

no
m

a
te

ri
a

ls
Nanomaterials for 
Renewable Energy

Guest Editors: Shimou Chen, Liang Li, Hanwen Sun, Jian Sun, 
and Baowang Lu

Journal of Nanomaterials



Nanomaterials for Renewable Energy



Journal of Nanomaterials

Nanomaterials for Renewable Energy

Guest Editors: Shimou Chen, Liang Li, Hanwen Sun,
Jian Sun, and Baowang Lu



Copyright © 2015 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “Journal of Nanomaterials.” All articles are open access articles distributed under the Creative Com-
mons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.



Editorial Board

Domenico Acierno, Italy
Katerina Aifantis, USA
Sheikh Akbar, USA
Nageh K. Allam, USA
Margarida Amaral, Portugal
Jordi Arbiol, Spain
Raul Arenal, Spain
Ilaria Armentano, Italy
Lavinia Balan, France
Thierry Baron, France
Andrew R. Barron, USA
Hongbin Bei, USA
Stefano Bellucci, Italy
Enrico Bergamaschi, Italy
D. Bhattacharyya, New Zealand
Giovanni Bongiovanni, Italy
Theodorian Borca-Tasciuc, USA
Mohamed Bououdina, Bahrain
Torsten Brezesinski, Germany
C. Jeffrey Brinker, USA
Christian Brosseau, France
Yibing Cai, China
Chuanbao Cao, China
Victor M. Castaño, Mexico
Albano Cavaleiro, Portugal
Bhanu P. S. Chauhan, USA
Yuan Chen, Singapore
Wei Chen, China
Tupei Chen, Singapore
Shafiul Chowdhury, USA
Kwang-Leong Choy, UK
Jin-Ho Choy, Korea
Yu-Lun Chueh, Taiwan
Elisabetta Comini, Italy
Giuseppe Compagnini, Italy
David Cornu, France
Miguel A. Correa-Duarte, Spain
P. Davide Cozzoli, Italy
Majid Darroudi, Iran
Shadi A. Dayeh, USA
Luca Deseri, USA
Yong Ding, USA
Bin Dong, China
Zehra Durmus, Turkey
Joydeep Dutta, Oman

Ali Eftekhari, USA
Samy El-Shall, USA
Farid El-Tantawy, Egypt
Ovidiu Ersen, France
Claude Estournès, France
Andrea Falqui, Saudi Arabia
Xiaosheng Fang, China
Bo Feng, China
Matteo Ferroni, Italy
Wolfgang Fritzsche, Germany
Alan Fuchs, USA
Peng Gao, China
Miguel A. Garcia, Spain
Siddhartha Ghosh, Singapore
P. K. Giri, India
Russell E. Gorga, USA
Jihua Gou, USA
Alexander Govorov, USA
Jean M. Greneche, France
Changzhi Gu, China
Lin Guo, China
John Zhanhu Guo, USA
Smrati Gupta, Germany
Kimberly Hamad-Schifferli, USA
Michael Harris, USA
Jr-Hau He, Taiwan
Nguyen D. Hoa, Vietnam
Michael Z. Hu, USA
Shaoming Huang, China
Nay Ming Huang, Malaysia
Qing Huang, China
David Hui, USA
Zafar Iqbal, USA
Balachandran Jeyadevan, Japan
Xin Jiang, Germany
Rakesh Joshi, Australia
Myung-Hwa Jung, Korea
Jeong-won Kang, Korea
Hassan Karimi-Maleh, Iran
Antonios Kelarakis, UK
Alireza Khataee, Iran
Ali Khorsand Zak, Iran
Dojin Kim, Korea
Wonbaek Kim, Korea
Philippe Knauth, France

Ralph Krupke, Germany
Christian Kübel, Germany
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Oscar Perales-Pérez, Puerto Rico
Wenxiu Que, China
Peter Reiss, France
Orlando Rojas, USA
Marco Rossi, Italy



Cengiz S. Ozkan, USA
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With demand for sustainable energy, resource, and environ-
ment protection, new material technologies are constantly
expanding during the last few couple of decades. An intensive
attention has been given by the scientific communities. In
particular, nanomaterials are increasingly playing an active
role either by increasing the efficiency of the energy storage
and conversion processes or by improving the device design
and performance. This special issue presents recent research
advances in various aspects of energy storage technologies,
advanced batteries, fuel cells, solar cell, biofuels, and so on.
Design and synthesis of novel materials have demonstrated
great impact on the utilization of the sustainable energy,
which need to solve the increasing shortage of resource and
the issues of environmental pollution.

The special issue contains eight papers; the selected topic
and the papers are not an exhaustive representation of nano-
materials for renewable energy applications. Nonetheless,
they represent a broad range of knowledge on functional
nanomaterials in chemistry, physics, biochemistry, materials
science, engineering, and so forth, which are very helpful to
share with the readers.

A review article titled “Mussel-Inspired Polydopamine
Coated Iron Oxide Nanoparticles for Biomedical Applica-
tion” is authored by X. Gu et al. In this review, the synthesis
of iron oxide nanoparticles, themechanism of dopamine self-
oxidation, the interaction between iron oxide and dopamine,
the functionality and the safety assessment of dopamine
modified iron oxide nanoparticles, and the biomedical appli-
cation of such nanoparticles are discussed.

The paper titled “AGreen and Facile Synthesis of Carbon-
Incorporated Co

3
O
4
Nanoparticles and Their Photocatalytic

Activity for Hydrogen Evolution” is authored by L. Gao et al.
They found that the carbon-incorporated Co

3
O
4
nanoparti-

cles were able to split pure water into hydrogen under visible
light irradiation without any cocatalyst, which is mainly due
to the enhanced light absorption behavior.This facilemethod
provided a potential strategy for applying narrow bandgap
semiconductors in pure water splitting.

The paper titled “Study of Phase Change Materials
Applied to CPV Receivers” is authored by Z.-H. Shih et al.
They focused on finding new materials to enhance the ther-
mal dispreading and keep the temperature of solar cell as low
as possible.They applied electric forward bias on solar cells to
simulate the heat contributed from the concentrated sunlight
and observed the thermal distribution of these three kinds
of thermal spreading materials. Two levels of forward biases
were chosen to test the samples and analyze the experiment
results.

The paper titled “All-Polymer Solar Cells Based on
Fully Conjugated Donor-Acceptor Block Copolymers with
Poly(naphthalene bisimide) Acceptor Blocks: Device Per-
formance and Thin Film Morphology” is authored by K.
Nakabayashi et al. They fabricated all-polymer solar cells
by using poly(3-hexylthiophene) (P3HT) and fully conju-
gated donor-acceptor (D-A) block copolymer (P3HT-PNBI-
P3HT) as donor and acceptor materials, respectively. Atomic
force microscopy (AFM) and grazing incidence wide angle
X-ray scattering (GIWAXS) analyses reveal that device
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performance strongly depends on the P3HT:P3HT-PNBI-
P3HT thin filmmorphology.Their results suggest that P3HT-
PNBI-P3HT has the huge potentials for the usage as a
nonfullerene acceptor material.

L. Wang and A. He synthesized polypropylene (PP)/clay
nanocomposites by in situ intercalative polymerization with
TiCl
4
/MgCl

2
/clay compound catalyst. Their paper is titled

“Microstructure and Thermal Properties of Polypropy-
lene/Clay Nanocomposites with TiCl

4
/MgCl

2
/Clay Com-

pound Catalyst.” In this paper, microstructure and thermal
properties of PP/clay nanocomposites were studied by FTIR,
XRD, TEM, TGA, and DSC, respectively, in detail. They
found that clay layers in composites were exfoliated into
nanometer size and dispersed uniformly in the PP matrix.
The clay can enhance the thermal stability of PP materials
efficiently.

W. Zhang et al. reported that when nano-MgO was
prepared by the microwave-assisted method, the electric
properties of its LDPE nanocomposite were obviously better
than those of nano-MgO prepared by traditional heating
method. Their paper titled “Influence of Nanocomposites of
LDPE Doped with Nano-MgO by Different Preparing Meth-
ods on Its Dielectric Properties.” In this paper, the influence
of nano-MgO on several properties of LDPE nanocomposite
was discussed, such as the space charge, volume resistivity as
well as DC breakdown strength.

The paper titled “Theoretical Study on Cyclopeptides
as the Nanocarriers for Li+, Na+, K+ and F−, Cl−, Br−” is
reported by L. Liu and S. Chen. The authors designed a
series of experiments to compare the different capabilities
of the different clyclopeptides in ions transport. The inter-
action process between a series of cyclopeptide compounds
cyclo(gly)𝑛 (𝑛 = 4, 6, 8) and monovalent ions (Li+, Na+, K+,
F−, Cl−, and Br−) was studied using theoretical calculations.
The mechanism of combination between the cyclo(gly)𝑛
and ions was discussed through binding energy, Mulliken
electron population, and hydrogen bond.

Another theoretical paper titled “Ab Initio Theoretical
Investigation on the Geometrical and Electronic Structures
of Gallium Aurides: GaAu

𝑛

0/− and Ga2Au𝑛
0/− (𝑛 = 1–4)” is

reported by W.-Z. Yao et al. They found that GaAu
𝑛

0/− (𝑛 =
1–4) clusters with 𝑛-Au terminals and Ga2Au𝑛

0/− (𝑛 = 1–4)
clusters with bridged Au atoms possess geometric structures
and bonding patterns similar to those of the corresponding
gallium hydrides GaH

𝑛

0/− and Ga2H𝑛
0/−. In contrast to the

highly symmetric ground states of 𝐶
2V Ga2Au, 𝐶2V Ga2Au2,

and 𝐷
3ℎ

Ga
2
Au
3
, 𝐶
3V Ga2Au4 is composed of strong inter-

actions between a Ga+ cation and the face of a tetrahedral
GaAu

4−
anion. The adiabatic and vertical detachment ener-

gies of the anions under study are calculated to facilitate their
experimental characterization.
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All-polymer solar cells are fabricated by using poly(3-hexylthiophene) (P3HT) and fully conjugated donor-acceptor (D-A) block
copolymer (P3HT-PNBI-P3HT) as donor and acceptor materials, respectively. Atomic force microscopy (AFM) and grazing
incidence wide angle X-ray scattering (GIWAXS) analyses reveal that device performance strongly depends on the P3HT:P3HT-
PNBI-P3HT thin film morphology. Indeed, the 𝜋-𝜋 stacking nanomorphology rich in the edge-on orientation is formed in the
P3HT:P3HT-PNBI-P3HT thin film by optimizing the fabrication conditions, for example, thermal annealing temperature and cast
solvent. Consequently, the power conversion efficiency (PCE) of 1.60% is achieved with an open-circuit voltage (𝑉oc) of 0.59V,
short-current (𝐽sc) of 4.43mA/cm2, and fill factor (FF) of 0.61. These results suggest that P3HT-PNBI-P3HT has the huge potential
for the usage as a nonfullerene acceptor material.

1. Introduction

Over the last decade, polymer/fullerene organic solar cells
(OSCs), in which active layers are composed of polymeric
donor and fullerene-based acceptor materials, have been
extensively investigated as revolutionary renewable energy
sources because of their advantages (e.g., low cost, light
weight, flexibility, and facile large scale fabrication) compared
to silicon-based solar cells [1–4]. To date, PCEs of around
10% have been achieved in OSCs [5], mainly through the
development of various specialized polymeric donor materi-
als (e.g., low bandgap polymers). However, acceptormaterials
are, compared to donor materials, far less developed, and
the fullerene derivative, [6, 6]-phenyl C

61
butyric acid methyl

ester (PCBM), is the only conventional acceptor material
for OSCs. One of the major reasons using PCBM as an
acceptor material in OSCs is its high electron mobility (ca.
0.002 cm2/V⋅s) [6]. On the other hand, there are considerable

drawbacks for the use of PCBM in OSCs: (i) negligible light
absorption in the visible-near IR regions, (ii) relatively poor
photochemical and chemical stability, (iii) low miscibility
with donor polymeric materials, and (iv) high cost for syn-
thesis and purification. In recent years, high-performance
OSCs, which depend on the development of polymeric donor
materials, have reached a critical limit. To resolve the current
situation, novel acceptormaterials other than fullerene-based
materials are necessary; in this regard, polymer/polymer
OSCs based on nonfullerene polymeric acceptor materials,
the so-called all-polymer solar cells, are receiving increased
attention [7–12]. Regardless of such attention, the PCEs of
all-polymer solar cells reported in many previous studied
are quite low compared to fullerene-based OSCs [13–15].
Thus, further development of specialized acceptor mate-
rials for OSCs is imperative for realizing high-perform-
ance all-polymer solar cells. For example, arylene bisimide-
based, for example, naphthalene bisimide (NBI) and perylene
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bisimide-based, acceptor materials are considered to be
promising candidates because of their high stability, excellent
acceptor properties due to well-placed LUMO levels, and
high electron mobilities [16–23]. Indeed, several all-polymer
solar cells based on those acceptor materials accomplished
excellent PCEs (2–4%) [20–24].

In previous work, we developed a novel fully conju-
gated D-A block copolymer with NBI-based acceptor blocks
(P3HT-PNBI-P3HT) for a nonfullerene acceptor material
[16]. The fusion of the fully conjugated D-A structure and
NBI-based acceptor blocks provided ideal characteristics
for OSC acceptor materials, that is, broad light absorption,
favorable LUMO level, goodmiscibilitywith P3HT, and so on.
Furthermore, the all-polymer solar cell with the P3HT:P3HT-
PNBI-P3HT blend active layer achieved a PCE over 1.0%.
The previous work is the first example of the use of fully
conjugated D-A block copolymers as acceptor materials for
all-polymer solar cells, and the obtained device performances
demonstrated that the fully conjugatedD-A block copolymer,
P3HT-PNBI-P3HT, had a potential to serve as a nonfullerene
acceptor material.

Toward the higher performance of all-polymer solar cells
based on fully conjugated D-A block copolymers, we herein
investigated the in-depth relationship between device per-
formance and thin film morphology in the P3HT:P3HT-
PNBI-P3HT blend active layer by a combination of AFM and
GIWAXS analyses. By optimizing the device fabrication
conditions, the P3HT:P3HT-PNBI-P3HT blend active layer
with 𝜋-𝜋 stacking nanostructure could be prepared, and a
PCE as high as 1.60% was achieved.

2. Experimental

2.1.Materials. Fully conjugatedD-Ablock copolymers (P3HT-
PNBI-P3HT) were synthesized according to the previous
literature [17]. Poly(3-hexylthiophene) (regioregularity = 91–
94%,𝑀

𝑤
= 50000–70000) was purchased from RiekeMetals,

Inc.

2.2. All-Polymer Solar Cell Fabrication and Measurements.
The typical procedure of ITO/PEDOT:PSS/P3HT:P3HT-
PNBI-P3HT/Ca/Al architecture is as follows: commercially
available prepatterned 15Ω/◻ sheet resistance indium tin
oxide (ITO) substrates (2.0 cm × 1.5 cm) were cleaned and
plasma-etched. Then poly(3,4-ethylenedioxythiophene):poly(sty-
renesulfonate) (PEDOT:PSS) aqueous solution (Clevios PVP
AI 4083) was spin-coated at 4000 rpm for 40 s and sub-
sequently annealed under flowing nitrogen at 120∘C for
10min. Substrates were allowed to cool under nitrogen atmo-
sphere and then transferred to a glovebox. P3HT:P3HT-
PNBI-P3HT blend chlorobenzene solution was spin-coated
at 700 rpm for 90 s, and the active layer was annealed for
15min. The blend solution that 5mg of each polymer dis-
solved in 1mL of chlorobenzene (1 : 1 by weight, conc. =
10mg/mL) was prepared in a glovebox. Then the top elec-
trode consisted of Ca interlayer (20 nm) and Al electrode
(80 nm) was vacuum-deposited. The 𝐽-𝑉 characteristics of
the devices were measured by using a direct-current voltage

and a current source/monitor (Bunko-Keiki, BSO-X500L)
in nitrogen atmosphere under AM1.5G simulated solar light
at 100mW/cm2. The light intensity was corrected with a
calibrated silicon photodiode reference cell (Bunko-Keiki,
BS-520).

3. Results and Discussion

3.1. Performance of All-Polymer Solar Cells with P3HT-PNBI-
P3HT. All-polymer solar cells with the P3HT:P3HT-PNBI-
P3HT blend active layers were fabricated by using P3HT-
PNBI-P3HTs with different molecular weights and compo-
sitions of each block (P1 and P2, see Figure 1(a) for details).
The device architecture is as follows: ITO/PEDOT:PSS/
P3HT:P3HT-PNBI-P3HT (1 : 1 by weight)/Ca/Al. The device
performances are summarized in Table 1. In the P3HT:P1
system, a PCE of 0.50% with𝑉oc of 0.51 V, 𝐽sc of 2.12mA/cm2,
and FF of 0.47 was obtained without thermal annealing. The
PCE gradually improved with an increase in the thermal
annealing temperature and finally reached 1.20% with 𝑉oc of
0.59V, 𝐽sc of 3.28mA/cm2, and FF of 0.62 when annealed
at 200∘C (Figure 2(a)). In the P3HT:P2 system, the high
PCE of 1.28% was also obtained with thermal annealing at
200∘C (𝑉oc of 0.56V, 𝐽sc of 4.57mA/cm2, and FF of 0.50).
Furthermore, the best PCE of 1.60%was achieved when using
dichlorobenzene (DCB) instead of chlorobenzene (CB) as the
cast solvent (Table 1 in Entry 7 and Figure 2(b)). This PCE
improvement was attributed to two factors: (1) enhanced light
absorption of the P3HT:P3HT-PNBI-P3HT blend film due to
thermal annealing (Figure 1(b)) and (2) a significant increase
in 𝐽sc values. Considering that 𝐽sc values are closely related to
the thin film morphology with nanoscale, thermal annealing
and the cast solvent should lead to morphological changes in
the blend active layer, as discussed in many previous works,
resulting in the improvement of PCEs [25, 26].

For comparison with the P3HT:P3HT-PNBI-P3HT sys-
tem, the performance of an all-polymer solar cells with the
P3HT:PNBI blend active layer was then evaluated; conse-
quently, the PCE of that cell was 0.49% (the PCE of the
P3HT:P3HT-PNBI-P3HT system was 1.60% under the same
conditions). Considering that the optical and electrochemical
properties of PNBI were almost same as those of P3HT-
PNBI-P3HT, the other factor such as the nanomorphology in
the P3HT:PNBI blend active layermight cause the quite lower
device performance compared to that of the P3HT:P3HT-
PNBI-P3HT system (see Figure 3(d) and Figure S1 in Sup-
plementary Material available online at http://dx.doi.org/
10.1155/2014/826985 for details).

3.2. Nanomorphology Observation by AFMMeasurement. To
understand the difference in the device performance, the
surface morphology of the P3HT:P3HT-PNBI-P3HT blend
films was investigated by AFM measurements. As depicted
in Figures 3(a)–3(c), no significant differences in the sizes
of the bright and dark domains were found, regardless of
the thermal annealing and cast solvent conditions, whereas
the average root-mean-square (rms) roughness tended to be
largely dependent on the fabrication conditions. The device
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Table 1: Results of device performance.

Entry Compositionsa Conditions
(solvent/annealing temperature)b,c 𝑉oc (V) 𝐽sc (mA/cm2) FF PCE (%)d

1 P3HT:P1 CB/as-spun 0.51 2.12 0.47 0.50
2 CB/100∘C 0.54 3.03 0.48 0.79
3 CB/200∘C 0.59 3.28 0.62 1.20
4 P3HT:P2 CB/as-spun 0.49 1.60 0.47 0.37
5 CB/100∘C 0.53 3.53 0.39 0.74
6 CB/200∘C 0.56 4.57 0.50 1.28
7 DCB/200∘C 0.59 4.43 0.61 1.60
a1 : 1 by weight. bCB: chlorobenzene; DCB: o-dichlorobenzene. cThermal annealing was carried out under nitrogen atmosphere for 30minutes. dAverage values
of eight devices.
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Figure 3: AFM height images of P3HT:P2 ((a) Entry 4, (b) Entry 6, and (c) Entry 7 in Table 1) and (d) P3HT:PNBI blend thin films (3𝜇m ×
3 𝜇m).

with a low PCE (PCE = 0.73%, Entry 4 in Table 1) exhibited a
relatively large rms roughness (6.90 nm), and in contrast, the
highest-performance device (PCE= 1.60%, Entry 7 in Table 1)
exhibited the smallest rms roughness (2.53 nm). Even though
the nanomorphology inside the active layer is the most

important factor when discussing device performance [26–
28], the AFM analysis indicated that there was a clear
relationship between device performance and surface rough-
ness. As for the P3HT:PNBI blend film (Figure 3(d)), phase
separation was quite larger due to the aggregation of NBI
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units compared to the P3HT:P3HT-PNBI-P3HT blend films;
such large phase separation is not suitable for photoelectric
conversion process because it brought about self-trapping of
excitons, resulting in a low PCE. In the reported all-polymer
solar cells using NBI-based polymers [29], the importance to
prevent the self-aggregation was mentioned for minimizing
self-trapping of excitons. It is likely that good miscibility
of P3HT-PNBI-P3HT with P3HT provided the blend active
layers which mixed well without self-aggregation of NBI
units; this is major advantage of P3HT-PNBI-P3HT over
other NBI-based polymers.

3.3. Nanomorphology Observation by GIWAXSMeasurement.
Next, GIWAXS measurements were carried out to inves-
tigate the in-depth study of the nanomorphology in the
P3HT:P3HT-PNBI-P3HTblendfilms.The as-spunblendfilm
exhibited the (h00) diffractions due to P3HT in the 𝑞

𝑧
axis

(Figure 4(b)). In the 𝑞
𝑥𝑦

axis (Figure 4(c)), three diffractions,
which corresponded to the (100) diffraction due to P3HT
(15.9 Å), (100) diffraction due to PNBI blocks (20.3 Å), and
(010) diffraction (i.e., 𝜋-𝜋 stacking) due to P3HT (3.7 Å),
were clearly observed. After thermal annealing at 200∘C,
the stronger (h00) diffractions due to P3HT were observed
in the 𝑞

𝑧
axis compared to the as-spun film (Figure 4(e)).

In the 𝑞
𝑥𝑦

axis, two kinds of diffractions derived from 𝜋-𝜋
stacking were observed at 3.9 and 3.7 Å in addition to the
(100) diffractions due to P3HT and PNBI (17.0 and 20.3 Å,
resp.). Given that the diffraction at 3.7 Å is corresponding to
𝜋-𝜋 stacking distance between P3HT homopolymers (Figure
S3), the other diffraction at 3.9 Å might correspond to 𝜋-𝜋
stacking of P3HT blocks in P3HT-PNBI-P3HT. Furthermore,
intensities of the diffractions due to P3HT in the the 𝑞

𝑧
axis

and 𝜋-𝜋 stacking in the 𝑞
𝑥𝑦

axis were clearly increased by
thermal annealing, which suggested that thermal annealing
triggered rearrangement of the polymer chains. Eventually,
both P3HT homopolymers and P3HT blocks in P3HT-PNBI-
P3HT were preferentially oriented in the edge-on manner
whereas PNBI blocks were likely to orient in the face-on
manner although the clear diffraction derived from 𝜋-𝜋
stacking of PNBI blocks was not detected because of the low
crystallinity. Quiet recently, the GIWAXS study of a similar
fully conjugated diblock copolymer composed of PNBI and
P3HT blocks was investigated by Wang et al. [30]. Although
their block copolymer had the higher crystallinity than that
of P3HT-PNBI-P3HT because of the less alkyl solubilized
chains, no diffraction derived from 𝜋-𝜋 stacking of PNBI
blocks was observed. Face-on 𝜋-𝜋 stacking of polymer chains
is an ideal nanomorphology for the efficient photoelectric
conversion process (e.g., efficient exciton diffusion and charge
transportation). Indeed, several recent reports demonstrated
the drastic improvements of PCEs were achieved by the face-
on 𝜋-𝜋 stacking nanomorphology in active layers compared
to the devices with the edge-on nanomorphology [26–28].
Even though the P3HT:P3HT-PNBI-P3HTblendfilmhad the
nanomorphology rich in the edge-on orientation, enhanced
polymer-polymer stacking in the thermal annealed film may
attribute to the efficient photoelectric conversion process to
give a high PCE of 1.60% compared to the as-spun film.

4. Conclusions

An all-polymer solar cell with a high PCE of 1.60% was
successfully developed by using fully conjugated D-A block
copolymers with NBI-based acceptor blocks (P3HT-PNBI-
P3HT) as a nonfullerene acceptormaterial. AFMandGIWAXS
analyses demonstrated that the P3HT:P3HT-PNBI-P3HT
blend film could form 𝜋-𝜋 stacking nanomorphology with-
out large aggregates, resulting in high device performance.
This is the major advantage of P3HT-PNBI-P3HT because
poor device performance caused by self-aggregation of NBI-
based polymers in the blend film is a major problem in
several all-polymer solar cells using NBI-based polymers.
These results revealed the huge potential for the fully conju-
gated D-A block copolymer, P3HT-PNBI-P3HT, to be used
as a nonfullerene acceptor material in OSCs, and we believe
that further improvement of all-polymer solar cells based on
P3HT-PNBI-P3HT is possible by fine-tuning of the chemical
structure, more precise control of nanomorphology, device
fabrication conditions, and so on.
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The interaction process between a series of cyclopeptide compounds cyclo(Gly)n (𝑛 = 4, 6, 8) and monovalent ions (Li+, Na+, K+,
F−, Cl−, and Br−) was studied using theoretical calculation. The mechanism of combination between the cyclo(Gly)n and ions was
discussed through binding energy, Mulliken electron population, and hydrogen bond. It was found that for the same cyclopeptide
the binding energy has the order of cyclo(Gly)n–Li

+
> cyclo(Gly)n–Na

+
> cyclo(Gly)n–K

+ and cyclo(Gly)n–F
−
> cyclo(Gly)n–

Br− > cyclo(Gly)n–Cl
−. The binding energy manifests the stable complex of cyclo(Gly)n and ions can be formed, and the different

energy shows the potential use of cyclo(Gly)n as nanocarriers for metal ions or the extractant for ions separation.

1. Introduction

As an important family of host-guest complexation, ion
carriers play an important role in various biological processes
[1]. In particular, in biomedical research, the controlled
delivery of drugs to specific tissues in the body is an ongoing
challenge. Ion carriers are promising delivery vehicles that
offer increased drugs circulation times and enhanced dis-
solution rates and bioavailability. Macrocyclic compound is
one of the best choices as ion carriers because of its special
structure. For example, crown ether [2, 3], cyclopeptide [4–
9], and calixarene [10–12] can combine with alkali metal ions
or alkaline-earth metal ions to form a dissolvable complex
or act as ion and neutral molecular carriers. Since the 1940s,
when the first cyclopeptide gramicidin was found [13], due to
its similar structure to macrocyclic compound, the cyclopep-
tide aroused much interest in host-guest chemistry. It is
demonstrated that cyclopeptides are promising materials as
carriers, antibiotics, regulators of membrane ion and systems
for specific guest recognition, and so forth [5, 14]. Many
theoretical calculations on cyclopeptides-ions complex were
performed in order to direct the construction of ion-assisted
cyclopeptide system [15–17]. Owning to the metabolism

stability and the high bioavailability, many of them could be
used as prodrugs, medicament, and ion carriers [18, 19]. It
is believed that the biological activities of cyclopeptide with
metal ion are of much potential application in medical and
biological chemistry.

In all subjects related to cyclopeptide or modified cyclo-
peptide as ion carriers, the stereoselectivity on ions becomes
the focus of the experimental and theoretical studies. This
selectivity is due to the special structure of the cyclopep-
tide. Cyclopeptide has a cavity structure with restricted
carbonyl group and amino group on inner side of the
molecule and a rigid molecule skeleton that can support the
molecule cavity. Tan et al. [20] have studied the cyclopeptide
composed of cyclo[(–𝛽3–Hgly)

4
–] through computational

method. Huang et al. [21] have designed and synthesized
a cystine-bearing pseudo-cyclopeptide as amphireceptor; it
binds to cations or anions through the carbonyl or amino
groups, respectively. Using ab initio calculations, Kim and
coworkers [22] proposed that cyclic peptides may be able to
serve as good amphi-ionophores because of the availability of
both amide and crown-like structures within the molecule.
However, to design useful cyclopeptide carrier and shed light
on the related organic synthesis, various factors such as the

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 276191, 7 pages
http://dx.doi.org/10.1155/2015/276191

http://dx.doi.org/10.1155/2015/276191


2 Journal of Nanomaterials

4 6 8

C

N

O

H

C

N

O

H

C

N

O

H

Figure 1: The most stable conformation of cyclo(Gly)n (𝑛 = 4, 6, and 8).

structure of the component peptide, peptide number, and
the interaction of the ions and peptide should be studied
carefully.

In the previous work reported by Zhu et al. [23], the
preferred conformations of cyclic dipeptides were first stud-
ied using the density functional theory (DFT). Herein, we
take a systemically theoretical study on the conformation and
complexation of cyclo (Gly)

𝑛
(𝑛 = 4, 6, and 8) and mono-

valent ions (Li+, Na+, K+, F−, Cl−, and Br−) using the
DFT B3LYP method at 6-31 G(d) level. To the best of our
knowledge, the study of interaction of the cycloquadpeptide,
cyclohexapeptide, and cyclooctopeptide with both anions
and cations synchronously would be the first report in the
literature. It should be mentioned that only the cases of one
cyclopeptide carrying one ion were discussed in this paper;
that is, the ratio of the cyclopeptide carrier to the ions receptor
is 1 : 1. The cyclopeptide carrying multi-ions will be reported
in the future.

2. Computational Methods

Glycine (Gly) was chosen as monomer to form cyclopeptide
because of its simple structure. We begin our research with
the construction of cyclohexapeptide; there are 8 different
isomerides of Gly cyclohexapeptide: all of them were opti-
mized by HF/STO-3Gmethod and the most stable ones were
selected as ion carrier for further study. Based on the stable
configuration of three kinds of cyclopeptide, the complexes
of three kinds of cyclopeptide with cations K+, Li+, and Na+
and anions F−, Cl−, and Br− were optimized at B3LYP/6-31G
level, respectively. All computations were carried out using
the Gaussian 03 package [24].

3. Results and Discussion

3.1. The Optimum Conformations. The conformations of the
most stable cyclohexapeptide are shown in Figure 1; all of
them were optimized by HF/STO-3G method. It has a

transconfiguration structure. In order to obtain a deep under-
standing of the characteristic of the cycloquadpeptide, cyclo-
hexapeptide, and cyclooctopeptide, the three cyclopeptides
were further optimized at B3LYP/6-31G level to guarantee
that the configuration is the most stable one [25, 26].

The optimum conformations of the cation-cyclopeptide
complexes were shown in Figure 2. Both the top view and
side view were given considering the complicated geometry
of {cyclo (Gly)

𝑛
–M+} (𝑛 = 4, 6, 8; M = Li, Na, K).

From Figure 2, the {cyclo (Gly)
4
} complexes hold a C

1
:

the symmetry group after combining a cation to form
{cyclo (Gly)

4
–M+} (M = Li, Na, K) complexes. All three

cations hover outside the cyclopeptide for the small space
of the cycloquadpeptide cavity (as shown in Figure 2). The
two carbonyl groups of the cycloquadpeptide turn towards
the cation ion from original position. The configuration of
cyclopeptide was distorted to a boat form, and the ions lay
over the boat. The average distance between the cation ion
and the carbonyl oxygen is 0.186 nm, 0.222 nm, and 0.285 nm
for Li+, Na+, and K+, respectively.

Comparing the {cyclo (Gly)
6
} with {cyclo (Gly)

6
–M+}

(M = Li, Na, K), it can be found that all those complexes
keep C

1
symmetry group, and the three cation ions stay in the

center of cyclohexapeptide cavity. All the six carbonyl groups
on the peptide turn towards the cation.The distance between
the cation and the carbonyl oxygen is 0.221 nm, 0.236 nm, and
0.267 nm for Li+, Na+, and K+, respectively.

As for cyclooctopeptide complexes, the conformation
changes greatly after forming {cyclo (Gly)

8
–M+} (M= Li, Na,

K). The {cyclo (Gly)
8
} in Figure 1 is C

4
symmetry group, and

symmetry of {cyclo (Gly)
8
–M+} (M = Li, Na, K) in Figure 2

degenerates to C
1
. The cation was packaged up completely

by the cyclooctopeptide because of the larger cavity of the
cyclopeptide, and four carbonyl groups turn towards the
cation. The average distance between the cation and the
carbonyl oxygen is 0.193 nm, 0.241 nm, and 0.280 nm for Li+,
Na+, and K+, respectively.
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Table 1: The bond length (nm) and binding energy (kJ⋅mol−1) of
{cyclo(Gly)

𝑛
–M+
}.

Complex M+–O/nm Binding energy/kJ⋅mol−1

{cyclo(Gly)4–Li
+
} 0.186 207.123

{cyclo(Gly)4–Na
+
} 0.222 118.326

{cyclo(Gly)4–K
+
} 0.265 44.523

{cyclo(Gly)6–Li
+
} 0.221 490.967

{cyclo(Gly)6–Na
+
} 0.236 399.866

{cyclo(Gly)6–K
+
} 0.267 241.546

{cyclo(Gly)8–Li
+
} 0.193 548.325

{cyclo(Gly)8–Na
+
} 0.241 415.457

{cyclo(Gly)8–K
+
} 0.280 324.474

The optimized structures of {cyclo (Gly)
𝑛
–X−} (𝑛 = 4, 6,

8; X = F, Br, Cl) were shown in Figure 3. Each complex has
X− ⋅ ⋅ ⋅H–N hydrogen bonds, and all hydrogen atoms on the
amino group turn towards the anion in {cyclo (Gly)

𝑛
–X−}

(𝑛 = 4, 6; X = F, Br, Cl). The complex {cyclo (Gly)
4
–X−}

(X = F, Br, Cl) has C
1
symmetry group like the original

cycloquadpeptide. Symmetry group of {cyclo (Gly)
6
–X−} (X

=Br, Cl) is C
6
, but, for the {cyclo (Gly)

6
–X−} (X=F) complex,

the symmetry group is C
3
after complexation.The symmetry

group of the cyclooctopeptide degenerate from C
4
to C
1

after forming the complex {cyclo (Gly)
8
–X−} (X = F, Br,

Cl).

3.2. Binding Energy and the Distance of the Ion and Cyclopep-
tide Analysis. Binding energy is a vital standard in evaluating
the stability of the complex compound. Table 1 shows the
energy and the distance between the cation and the carbonyl
oxygen on the cyclopeptide. From the analysis of the data, for
the same cyclopeptide, the average distance between cation
and the carbonyl oxygen is in the order of K+ > Na+ > Li+;
however, the binding energy has the order of Li+ >Na+ > K+
(see Figure 4). It means that the distance between the cation
and the cyclopeptide is smaller; the binding energy of the
compound is larger. On the other hand, for the same cation
in the different cyclopeptide, the binding energy reduced
in order of {cyclo (Gly)

8
–M+} > {cyclo (Gly)

6
–M+} >

{cyclo (Gly)
4
–M+}.

Table 2 shows the energies and the distances between
the anions and H atoms on the amino groups. The results
indicated that, for the same cyclopeptide, the average dis-
tance between anion and the amino hydrogen reduced
in order of Br− > Cl− > F−, and the binding energy
increased in the order of Cl− < Br− < F− (Figure 6).
For the same anion in the different cyclopeptide, the
binding energy reduced in order of {cyclo (Gly)

8
–X−} >

{cyclo (Gly)
6
–X−} > {cyclo (Gly)

4
–X−} (X = Br, Cl), but, for

X = F, the order is {cyclo (Gly)
6
–X−} > {cyclo (Gly)

8
–X−} >

{cyclo (Gly)
4
–X−} due to the strong electrostatic interactions

between H and F−. Considering the large difference of the
binding energy value illustrated in Table 1 and Table 2, the
cyclopeptides should have the potential application as ions
extractant.

Table 2: The bond length (nm) and binding energy (kJ⋅mol−1) of
{cyclo(Gly)

𝑛
–X−}.

Complex X–H N–H H-Bond Binding energy
{cyclo(Gly)4–F

−
} 0.144 0.108 0.249 394.185

{cyclo(Gly)4–Br
−
} 0.228 0.104 0.325 139.792

{cyclo(Gly)4–Cl
−
} 0.222 0.104 0.317 115.136

{cyclo(Gly)6–F
−
} 0.186 0.102 0.288 541.121

{cyclo(Gly)6–Br
−
} 0.244 0.102 0.346 276.245

{cyclo(Gly)6–Cl
−
} 0.240 0.102 0.341 219.198

{cyclo(Gly)8–F
−
} 0.153 0.107 0.257 531.038

{cyclo(Gly)8–Br
−
} 0.230 0.103 0.331 287.230

{cyclo(Gly)8–Cl
−
} 0.221 0.103 0.322 246.257

Table 3: Orbital overlap population of {cyclo(Gly)
𝑛
–X−} and

{cyclo(Gly)
𝑛
–M+
}.

Complex M+–O (e) X–H (e)
Li+ Na+ K+ F− Br− Cl−

𝑛 = 4 0.175 0.117 0.07 0.276 0.224 0.195
𝑛 = 6 0.652 0.502 0.317 0.378 0.341 0.296
𝑛 = 8 0.502 0.458 0.299 0.246 0.212 0.196

Table 4:The quantity of electricity of anion X− in {cyclo(Gly)
𝑛
–X−}.

Cyclo(Gly)
𝑛

Atomic charges (e)
F− Br− Cl−

𝑛 = 4 −0.578 −0.716 −0.768
𝑛 = 6 −0.526 −0.604 −0.683
𝑛 = 8 −0.548 −0.659 −0.727

3.3. Mulliken Electron Population. The strength of the cova-
lent bond between the two atoms A and B can be obtained
from theMulliken electron population analysis [27–29]. If the
overlapping electron has a large population between A and B,
the covalent bond between the two atoms A and B will be
stronger, the binding energy will have a larger value, and the
compound should be more stable. The electron overlapping
populations were shown in Table 3.

It can be found that the electron overlapping population
value has the order of cyclo(Gly)n–Li

+
> cyclo(Gly)n–Na

+
>

cyclo(Gly)n–K
+ and cyclo(Gly)n–F

−
> cyclo(Gly)n–Br

−
>

cyclo(Gly)n–Cl
−. This order is the same as the order of the

binding energy (see Figures 5 and 7) and the distance of M+–
O.

In addition, it is very interesting that the order of the
binding energy is cyclo(Gly)n–F

−
> cyclo(Gly)n–Br

−
>

cyclo(Gly)n–Cl
− and the order of the electron overlapping

populations is F− > Br− > Cl−; this is different from the
order of the distance of the X−–H and the order of the three
atoms F, Cl, and Br in periodic table. Therefore, we carried
out the electric quantity calculation of the three halogen ions
and cyclopeptides. From the analysis of the data in Table 4,
the anion Br− has more electrons than Cl− and the order of
the electronic quantity is F− > Br− > Cl−. Considering the
electrostatic interactions between negatively charged X− and
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Figure 3: The optimizing conformation of cyclopeptide with F−, Cl−, and Br−. The side view and top view structure of all of the complexes
were presented for better geometry understanding.
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positively charged amino H+ atoms, the abnormal order of
binding energy can be expected [14, 22].

4. Conclusions

The cyclopeptides as ion nanocarriers for cations (Li+, Na+,
and K+) and anions (F−, Cl−, and Br−) were studied carefully
by theoretical calculation. The optimum conformation of
cation-cyclopeptides and anion-cyclopeptides complexeswas
obtained by HF/STO-3G method and then further opti-
mized at B3LYP/6-31G level. Both the cation and anion
have a strong interaction with the cyclopeptide indicat-
ing that the cyclopeptides can act as amphi-ions carriers.
The binding energy has the order of cyclo(Gly)n-Li

+
>
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cyclo(Gly)n–Na
+
> cyclo(Gly)n-K

+ and cyclo(Gly)n–F
−
>

cyclo(Gly)n–Br
−
> cyclo(Gly)n–Cl

− for the different cyclo-
peptide. For cation ions Li+, Na+, and K+, the binding
energy of the different cyclopeptide is {cyclo (Gly)

8
–M+} >

{cyclo (Gly)
6
–M+} > {cyclo (Gly)

4
–M+}. For anions Br− and

Cl−, the binding energy has an order of {Cyclo (Gly)
8
-X−} >

{cyclo (Gly)
6
–X−} > {cyclo (Gly)

4
–X−}; for F−, {cyclo (Gly)

6

–F−} > {cyclo (Gly)
8
–F−} > {cyclo (Gly)

4
–F−} due to the

strong electrostatic interactions between hydrogen bond and
F−. The different value of the binding energy illustrated that
the cyclopeptide should have the potential application as ions
extractants.
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LDPE doped with nano-MgO can effectively suppress the space charge accumulation in the nanocomposite under DC applied
field, and this suppression was affected greatly by the prepared nano-MgO particles. In this paper, the influence of nanocomposite
of LDPE doped with nano-MgO by using different preparation methods on their space charge, and volume resistivity as well as
DC breakdown strength was researched. The results showed that size of nano-MgO prepared by the traditional heating method
was about 22.74 nm, while being only about 12.76 nm by the microwave-assisted method. When the nano-MgO content in the
composite was 2wt% by weight, the space charge accumulation in this composite was obviously reduced; meanwhile both the
volume resistivity andDC breakdown strength were enhanced.When nano-MgOwas prepared by themicrowave-assistedmethod,
the electric properties of its LDPE nanocomposite were obviously better than those of nano-MgO prepared by traditional heating
method.

1. Introduction

The contradiction between urban expansion and electricity
demand is becoming more prominent. Long distance and
effective and safe power transmission are themain developing
direction to solve the conflict. Comparing direct current
(DC) transmission with alternative current (AC) transmis-
sion, it has advantages of the lower line cost, lower power
loss, transmission system stability, and so forth. But DC
transmission of cross-linked polyethylene (XLPE) cable was
hampered by its own shortcomings in which there is a lot
of space charge accumulation leading to distorting electric
field and even local electric breakdown of insulator of XLPE
cable [1, 2]. It was surprising that base polyethylene (base PE)
doped with nano-MgO particles can effectively suppress the
space charge accumulation. At the same time the composite
still has excellent electrical properties. So researches of the
dielectric polymer nanocomposite have become one of hot
spots in electric power field [3].

Nanoparticles are generally agglomerated as a result of
their high surface energy and therefore the disaggregation
of nanoparticles in nanocomposites proves to be a key
issue in obtaining good filler dispersion and to bring the
nanoparticles into full play. However, there is different dis-
persion effect for the nanoparticles with different preparation
methods. Nano-MgO particles prepared with direct pre-
cipitation method and homogeneous precipitation method
as well as microwave-assisted method were researched in
this paper. Nano-MgO particles prepared with direct pre-
cipitation method and homogeneous precipitation method
have poor dispersion and serious aggregation. However,
the microwave-assisted method has been used to prepare
nanooxides, which has good dispersion and disaggregation,
and so forth [4–6]. This paper systematically researched the
fact that nano-MgO particle was prepared by microwave-
assisted method and the influence of nano-MgO particles by
different preparation methods on size, dispersion of nano-
MgO, and dielectric properties of its nanocomposite.
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2. Experimental Procedure

2.1. Experimental Raw Materials. Magnesium nitrate
hexahydrate (MgNO

3
⋅6H
2
O) (Tianjin Guangfu Fine Chemi-

cal Research Institute, China), aqueous ammonia (37wt%)
(Bazhou Chemical Plants, China), polyethylene glycol
(PEG200) (Tianjin Regent Chemicals Co., Ltd.), urea
[CO(NH

2
)
2
] (Tianjin Chemical Reagent Co., Ltd., China),

ammoniumbicarbonate (BazhouCity Chemical Plant, Hubei
China), LDPE (BW150, BASF YPC Co., Ltd., China), and
EVA (EF-443, 14%, LG Chemical Company, South Korea)
are used in this research.

2.2. Preparation of Mg(OH)
2

2.2.1. Direct Precipitation Method. MgNO
3
⋅6H
2
O was dis-

solved in distilled water (200mL) to prepare a solution of
certain concentration (0.2mol/L) in a three-necked bottle.
Then appropriate amount of aqueous ammonia was put into
the three-necked bottle drop by drop at starting heating by
a sheathed heater. White precipitate powder began to occur
after dropwise addition of aqueous ammonia in the solution
of the flask. After maintaining a certain period of time for
heating the solution, thewhite precipitate powderwaswashed
with water and alcohol and then Mg(OH)

2
powder was

obtained. See [7, 8].

2.2.2. Homogeneous Precipitation Method. MgNO
3
⋅6H
2
O

was dissolved in distilledwater (200mL) to prepare a solution
of certain concentration (0.2mol/L) in a three-necked bottle.
Then, magnesium nitrate aqueous solution was put into a
three-necked flask. Once heated, a small amount of PEG
dispersant (0.1mL) was added into the flask and then stirred
for 5min; finally, urea (1.0 g) was added according to the
predetermined ratio. After 6 h reaction at 125∘C, a white pre-
cipitate was formed which was washed by water and alcohol,
respectively, with filtration devices. Then the precipitate was
put into a vacuum dry oven (at 80∘C, 24 h) to dry to obtain
Mg(OH)

2
powder. See [9].

2.2.3. Microwave-Assisted Method. A certain amount of
ammonium bicarbonate accompanied with a small amount
of PEG200 (1mL) was dissolved in distilled water (20mL).
Then the three-necked flask containing the solution was
heated by microwave oven under 80∘C, 625W for 30min.
Then, magnesium nitrate solution was added into the flask
step by step with a separatory funnel at a fixed speed of
dropping in accordance with the addition ofmolar ratio (1 : 4)
of magnesium nitrate and ammonium bicarbonate. A white
precipitate was produced at 50min and 80∘C. And washed
it with water and alcohol, respectively, with suction device.
Finally, the precipitate was put into a vacuum dry oven (at
80∘C, 24 h) to dry to obtain Mg(OH)

2
powder.

2.3. Preparation of Surface Coupling Treatment of Nano-MgO.
Nano-MgO was prepared by stepwise calcination. First,
Mg(OH)

2
was put into the muffle furnace and calcinated at

the temperature of 300–400∘C for 1 hour. Then, it was taken
out for ball milling in planetary ball mill at rotating speed of

200 rpm for 20min (forward 10min, reverse 10min, resp.).
Secondly, it was put into muffle furnace and calcinated again
at the temperature of 500∘C for 2 hours. Then it was fetched
out and the nano-MgO powder was obtained. Nano-MgO
particles’ surface was treated with silane coupling agent [KH-
550, NH

2
CH
2
CH
2
CH
2
Si(OC

2
H
5
)
3
, 2 wt% of the particle

loading] at about 60∘C for 16min (forward 8min, reverse
8min, resp.) using ball milling at a ball speed of 140 rpm.

2.4. Preparation of LDPE Nanocomposite. LDPE (40 g) and
nano-MgO particle treated by using silane coupling agent
(2 wt%, nano-MgO prepared by microwave-assisted method
or direct precipitationmethod or homogeneous precipitation
method, resp.) were blended to prepare three kinds of
nanocomposites at 150∘C and 80 rpm for 15min in the mixer
of torque rheometer. During the blending process, ethylene-
vinyl-acetate copolymer (EVA, 9wt% of LDPE loading) was
added into the mixer in order to further improve the dis-
persibility between nano-MgO and LDPE in the nanocom-
posite.

2.5. Analysis by SEM. As for sample of the composite, it must
be broken into small pieces, whereas the powder of MgO
can be used directly. The brittle fracture processing of the
composite sample was carried out in liquid nitrogen. After
that, the fragments of nanocomposite sample or the nano-
MgO powders were fixed on the tin block with conductive
adhesive and then coated with gold. Finally, the dispersion
and size of nano-MgO particles were observed by using a
scanning electron microscope (SEM, FEI Sirion 200, Dutch
Philips Co., Ltd.).

2.6. XRD Test Method. The size of nano-MgO powder was
analyzed by X-ray diffractometer (XRD, model D/max 2500,
Rigaku Co., Ltd., Japan), whose scanning speed was 4∘/min
and angle range was 10∘–90∘. The size of nano-MgO powder
was calculated according to the Scherrer formula:

𝐷 =

𝐾𝜆

(𝐿 cos 𝜃)
. (1)

In the formula, 𝐾 = 0.89 and 𝜆 = 0.15406 nm. 𝐿 stands
for width at half-intensity diffraction line degree; 𝜃 for a
diffraction angle (∘);𝐷 for grain size (nm).

2.7. Volume Resistivity Test. Volume resistance test of the
composite specimen slice which was about 1mm in thickness
was carried by digital resistance meter (ZC-36) under testing
voltage being 1000V applied to specimen slice at three-
electrode system (Figure 1), and the volume resistivity was
calculated according to formula (2), in which 𝜌V (Ω⋅m) was
the resistivity, 𝑅V (Ω) the composite volume resistance, 𝑑

1

(m) the protested electrode diameter, 𝑔 (m) the electrode gap
between the protested electrode and the shied electrode, and
ℎ (m) the specimen thickness:

𝜌V = 𝑅V
𝜋 (𝑑
1
+ 𝑔)
2

4 ℎ

.
(2)
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Table 1: The volume resistivity of the composites.

Item Base LDPE
LDPE doped with MgO
prepared by microwave

method

LDPE doped with MgO
prepared by direct

precipitation method

LDPE doped with MgO
prepared by homogeneous

precipitation method
Volume resistivity/Ω⋅m 8.49 × 1012 1.23 × 1015 1.27 × 1014 2.33 × 1014

d1

d2

d3

d4

g

1
2
3
4

Figure 1: Three-electrode system. (1) Protected electrode, (2) shield
electrode, (3) specimen slice, and (4) no protecting electrode; (𝑑

1
)

protected electrode diameter (50mm), (𝑑
2
) shield electrode inner

diameter (54mm), (𝑑
3
) shield electrode external diameter (74mm),

and (𝑑
4
) no protecting electrode diameter (≥74mm). (𝑔) electrode

gap between the protected electrode and shield electrode (2mm).

2.8. DC Breakdown Strength Test. The composite circular
specimen slice (the sample thickness of 100 𝜇m, the diameter
of about 10 cm) was put into transformer oil. Breakdown field
value was detected by the breakdown voltage tester (HT-100)
and at continuous elevating speed voltage of 3 kV/s.

2.9. Space Charge Test. Space charge in the sample was tested
by pulsed electro-acoustic-01 (PEA-01) under the strength of
electric field being 40 kV/mm.

3. The Results and Discussion

3.1. SEMAnalysis of Nano-MgO. Nano-MgOwas made from
Mg(OH)

2
by two-step calcination method in muffle furnace,

whereas the Mg(OH)
2
was made by microwave-assisted

method, direct precipitation method, and homogenous pre-
cipitationmethod, respectively.The dispersion and size of the
nano-MgO particles made by three methods were observed
by using scanning electron microscope (SEM), as shown
in Figures 2(a), 2(b), and 2(c). The results indicated that
the diameter size of MgO particle prepared by microwave-
assisted method was about 49 nm, which was the minimum

of the nano-MgO particles and disperses uniformly among
three methods. In addition, the particles agglomeration
phenomenon was not obvious (see Figure 2(a)), while the
diameter size of MgO particle prepared by direct precipi-
tation method was beyond the nanometer size, and it had
serious agglomeration phenomenon (see Figure 2(b)).

The diameter size of MgO powder prepared by homoge-
nous precipitationmethod ranges from70 to 90 nmand it had
obvious agglomeration (see Figure 2(c)). The reasons may be
that the uniformity of particle size is influenced by multiple
nucleation of precipitate phase. Different from the direct pre-
cipitation method and homogeneous precipitation method,
themicrowave-assistedmethod can provide uniformheat in a
very short period of time to greatly eliminate the temperature
gradient and instantaneously nucleate for precipitate phase of
Mg(OH)

2
which was calcined by two-step method in muffle

furnace to obtain uniform distribution and dispersion of
nano-MgO particles.

3.2. XRD Analysis of Nano-MgO. The nano-MgO powder
prepared by microwave-assisted was compared with conven-
tional heating methods by using X-ray diffraction (XRD)
in Figure 3. The 2𝜃 values of the diffraction peaks of nano-
MgO particles prepared by microwave-assisted method and
conventionalmethodwere basically the same and the crystals
were both cubic crystal structure from Figure 3. According
to Scherer formula (1) calculation, the size of nano-MgO
prepared by microwave-assisted method was about 12.76 nm,
and the traditional one was 22.74 nm.

3.3. Influence of Nano-MgO Preparation Method on the Vol-
ume Resistivity of Composites. The nano-MgO loading was
fixed at 2 wt%, and nano-MgOprepared by differentmethods
was doped into LDPE. The impact on the volume resistivity
of composites was investigated and the results were shown in
Table 1.

As can be seen from Table 1, after LDPE doped withMgO
nano-MgO was prepared by microwave-assisted method, the
volume resistivity of composites was the maximum. The
reason may be attribuited to the good dispersion of nano-
MgO in LDPE matrix. Nano-MgO can limit the movement
of molecular chain effectively, forming a lot of traps, and
enhance the ability to capture charge under applying the
electric field. Therefore, the volume resistivity of composites
was higher than other nano-MgO composites [10, 11].

3.4. Effect of Nano-MgO by Prepared Methods on the DC
Breakdown Strength of Composite. The nano-MgO loading
was fixed as 2wt%; using nano-MgO by different preparation
methods in LDPE matrix, the impact on DC breakdown
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Table 2: DC breakdown strength of the composites.

Item Base LDPE
LDPE doped with MgO
prepared by microwave

method

LDPE doped with MgO
prepared by direct

precipitation method

LDPE doped with MgO
prepared by homogeneous

precipitation method
Breakdown strength/kV/mm 260.9 310.0 263.3 270.4

(a) (b) (c)

Figure 2: (a) Nano-MgO by microwave-assisted method; (b) nano-MgO by direct precipitation method; (c) nano-MgO by homogenous
precipitation method.

A: traditional/MgO

B: microwave/MgO
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Figure 3: XRD pattern of nano-MgO prepared by microwave-
assisted and conventional methods, respectively.

strength of the composite was investigated. The results were
shown in Table 2.

As can be seen from Table 2, DC breakdown strength
of the composites has increased in comparison with LDPE
without adding nano-MgO. However, the LDPE blended
with MgO prepared by microwave-assisted method has the
maximum DC breakdown field strength due to its perfect
dispersion. There was the Coulomb blockade effect, which
will limit the directional movement of carriers. On the other
hand, it will result in LDPE matrix stretched to a certain
extent. Stretching causes the lattice of LDPE dislocations
which produce more and deeper traps. At the same time, the
ability to trap electrons will be enhanced [12].

3.5. Influences of Nano-MgO Preparation Methods on Space
Charge in the Composites. Nano-MgO was fixed at 2 wt% by

weight. Using of nano-MgO blended with LDPE to form the
composite, the effect of the space charge distribution on the
composite was investigated. The experimental results were
shown in Figure 4.

From Figure 4(a), it can be seen that base LDPE has a
large number of homocharges injected near the cathode and
anode. Comparing Figure 4(b) with Figures 4(c) and 4(d),
composite doped with nano-MgO prepared by microwave-
assisted method has the anode and cathode without the
homocharges injected. It almost has no space charge in
the sample with effective effect to suppress space charge in
composite.Thismay be attributed to the fact that the diameter
of nano-MgO prepared by microwave-assisted method was
small and well distributed in the composite due to good
compatibility with LDPE matrix. It will enhance the charge
injection barrier and at the same time reduce the mobility of
the charge because of the particle surface charge layer effects.
So the effect of space charge suppression was the best [2, 3].

4. Conclusions

In this paper, nano-MgO prepared by microwave-assisted
method was compared with ones prepared by conventional
methods.The former has smallest particle size andnoobvious
agglomeration. Electric properties of LDPE doped with the
nano-MgO prepared by microwave-assisted method have
been greatly improved by contrast with LDPE doped with the
nano-MgO prepared by conventional method.
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(a) Charge distribution of base LDPE
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(b) Charge distribution of LDPE doped with MgO prepared by micro-
wave-assisted method
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(c) Charge distribution of LDPE doped with MgO prepared by direct
precipitation method
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(d) Charge distribution of LDPE doped with MgO prepared by homogeneous
precipitation method

Figure 4: Charge distribution of base LDPE and its nano-MgO composite.
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Mussel-inspired polydopamine (PDA) coated iron oxide nanoparticles have served as a feasible, robust, and functional platform for
various biomedical applications. However, there is scarcely a systemic paper reviewed about such functionalising nanomaterials to
date. In this review, the synthesis of iron oxide nanoparticles, the mechanism of dopamine self-oxidation, the interaction between
iron oxide and dopamine, and the functionality and the safety assessment of dopamine modified iron oxide nanoparticles as well
as the biomedical application of such nanoparticles are discussed. To enlighten the future research, the opportunities and the
limitations of functionalising iron oxide nanoparticles coated with PDA are also analyzed.

1. Introduction

Magnetic iron oxide nanoparticles are of great interest due
to the unique properties stemmed from their extremely
small size and large specific surface area [1]. They have
been extensively investigated in recent years for the promis-
ing biomedical applications, such as drug delivery [2, 3],
immunoassay analyzer [4, 5], magnetic resonance imaging
[6, 7], and cancer hyperthermia [8]. For most of these
applications, surfacemodification of iron oxide nanoparticles
plays an important role in improving their hydrophilicity, col-
loidal stability, biocompatibility, and conjugation of bioactive
functional groups. To this end, many materials have been
employed to design stable surface coatings for iron oxide
nanoparticles, such as polymers, surfactants, or inorganic
shells [9, 10]. Surface modification of magnetic nanoparticles
is mainly aiming at how to render their functionality and
to control their solubility. For biomedical applications and
bioanalysis, the ability to solubilize the nanoparticles in
water and to modify their surfaces with molecules, proteins,
oligonucleotides, or other targeting agents is a crucial step
toward their widespread use [11]. However, the cumbersome
steps and harsh conditions, such as toxic organic solvents

utilized as reaction media, are often seemed as the barriers to
the modification processes. Therefore, surface modification
with aforementioned materials is still a challenge so far
to us, which appeals for a facile, feasible, and aqueous
approach to achieve controllable surface coatings for iron
oxide nanoparticles.

Nowadays, dopamine and its derivatives have enjoyed
success as agents for the masking of magnetic nanoparticles,
often so as to provide their biocompatibility with medium to
long-term colloidal stability in the various biological milieu
[12]. Recently, Lee et al. pioneered a one-step formation of
robust adherent polydopamine (PDA) films based onmussel-
inspired polymerization of dopamine at alkaline pHs on
various substrates [13]. Because of the ease of the use as
well as its fascinating properties, PDA has attracted great
interest forwide applications.Notably, the application of PDA
to iron oxide nanoparticles has emerged as a particularly
important field. Controllable PDA films can be formed on
the iron oxide nanoparticles by simply dispersing them in
an alkaline dopamine solution and mildly stirring at room
temperature [9]. Dopamine derivatives provide a novel and
useful alternative for surface immobilization schemes. For
example, dopamine derivatives have been used to anchor
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small functional biomolecules onto ferromagnetic nanoparti-
cles for protein separation [14, 15]. Obviously, dopamine and
its derivatives open a new route to the modification of iron
oxide nanoparticles [16].

In this review, certain aspects on PDA coated iron oxide
nanoparticles, including the synthesis of iron oxide nanopar-
ticles, the mechanism of self-oxidation of dopamine, the
interaction between iron oxide nanoparticles and dopamine,
and the functionality and safety assessment of dopamine
modified iron oxide nanoparticles as well as their biomed-
ical application, are discussed. The opportunities and the
limitations of functionalising the surfaces of iron oxide
nanoparticles coated with PDA are also analyzed.

2. Synthesis of Iron Oxide Nanoparticles

The quality of iron oxide nanoparticles, such as crystal-
lization, size, and shape, highly depends on the synthesis
approaches, which can produce well-crystallized and size-
controlled iron oxide nanoparticles and offer more oppor-
tunities for their biomedical applications. Among all the
chemical synthesis methods, hydrothermal may be one of
the most widely reported [17, 26, 27]. In such method, a
relative high temperature and a high pressure were often
employed to induce or affect the formation of nanocrystals.
The advantages of this method, such as high reactivity of
the reactants, facile control of product morphology, and
good crystallization of products, are apparent. Ge et al.
reported a one-step hydrothermal approach to the synthesis
of iron oxide nanoparticles with controllable diameters from
15 to 31 nm, narrow size distribution, and high satura-
tion magnetization in the range of 53.3−97.4 emu/g, in the
presence of FeCl

2
⋅4H
2
O in basic aqueous solution under

an elevated temperature and pressure [17] (see Figure 1).
With FeSO

4
⋅7H
2
O and FeCl

3
as precursors and NaOH as

hydrolysis reactant, Khollam et al. achieved spherical iron
oxide nanoparticles with a size range of 150−200 nm via
a microwave hydrothermal reaction [26]. Obviously, the
solubility of reactants and desired products via this method
is critical.

Coprecipitation is another one of most widely reported
methods to fabricate iron oxide nanoparticles [18, 28, 29]. In
general, an alkaline solution, such as NaOH and NH

3
⋅H
2
O,

was often employed to precipitate Fe2+ and Fe3+ ions in
an aqueous solution. Due to the nanoparticles achieved
by dehydration from the intermediate iron hydroxides, the
surfaces of as-prepared nanoparticles were covered with
large number of hydroxyl groups and the nanoparticles
could be well suspended in an aqueous solution. Roth et al.
prepared superparamagnetic iron oxide nanoparticles with
size between 3 and 17 nm and saturationmagnetizations from
26 to 89 emu/g via coprecipitation. They found that particle
saturation magnetization could be enhanced by addition of
more iron salt into the reaction system and employment
of a molar ratio of Fe3+/Fe2+ below 2 : 1 [28]. Basuki et al.
reported their work to prepare magnetic nanoparticles with
in situ coprecipitation of Fe2+ and Fe3+ ions in aqueous
solutions in the presence of functional block copolymers.

They varied the ratio of copolymer to Fe to wield control
over nanoparticle diameters within the range of 7–20 nm.
They found that the amount of polymer employed during the
coprecipitation proved critical in governing crystallinity and
colloidal stability [18] (see Figure 2). In addition, Xia et al.
developed a complex-coprecipitation method to synthesize
iron oxide nanoparticles with triethanolamine as ligands to
govern the quality of iron oxide nanoparticles. In this case,
triethanolamine was used mainly for limiting nanoparticles
growing rate due to its chelation to Fe3+ and Fe2+ [29].
Because the most coprecipitation reactions carried out at low
temperature and their reaction kinetics can be only controlled
by changing reactants, it is difficult to optimize the size
and size distribution of nanoparticles and to achieve high
crystalline or control the particle shape in coprecipitation
route.

Recently, high-temperature decomposition of organome-
tallic precursors was found to be one of the most efficient
approaches to fabricate iron oxide nanoparticles with well-
controlled size and shape [30–33]. Sun and Zeng gave the first
report on iron oxide nanoparticles preparation by thermal
decomposition of Fe(acac)

3
in the presence of surfactants,

oleylamine, and oleic acid. With this method, uniform
iron oxide nanoparticles with size between 4 and 16 nm
were achieved [30]. Kucheryavy et al. synthesized magnetite
nanoparticles in the size range of 3.2–7.5 nm with high yields
using high-temperature hydrolysis of the precursor Fe2+
and Fe3+ ions alkoxides in diethylene glycol solution. The
average sizes of the particles were adjusted by changing the
reaction temperature and time and by using a sequential
growth technique [31]. Alternatively, Fe–oleate complex was
also employed as the precursor for large scale synthesis,
up to 40 g of iron oxide nanoparticles obtained in a single
reaction, by Park et al. [32]. Moreover, the work that iron
oxide nanoparticles with 4.5 nm core size were synthesized by
thermal decomposition of Fe(CO)

5
, followed by air oxidation

with a ligand 4-methylcatechol, was also reported by Xie et al.
[33].

3. Self-Oxidation of Dopamine on Iron Oxide
Nanoparticles and Their Interaction

Dopamine, known as a small-moleculemimic of the adhesive
proteins of mussels, is liable to be oxidized to generate a thin
PDA layer on iron oxide nanoparticles surface (see Figure 3)
[19]. At a weak alkaline solution, dopamine is susceptible to
undergo self-oxidation to produce adherent PDA coatings
on virtually any substrates and catechol groups are oxidized
to the quinine form [13, 25, 34]. The catechol functionality
of dopamine is primarily responsible for moisture-resistant
adhesion and the oxidized o-quinone functionality is primar-
ily responsible for cross-linking [35]. Virtually any substrate
can be functionalized by first depositing PDA followed
by secondary derivation reaction including self-assembled
monolayers through the deposition of long-chain molecular
building blocks, metal films by electroless metallization,
bioactive functionalities, and even cross-linking reaction [19].
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Figure 1: A typical TEM image (a), size distribution histogram (b), and SAED pattern (c) of iron oxide nanoparticles [17].

Shultz and his coworkers [20] found that an initial PDA
structure formed with coordination to the surface of mag-
netic nanoparticle resulted from improved orbital overlap of
the five-membered ring and a reduced steric environment of
the iron complex (see Figure 4). A semiquinone is therefore
formed via transfer of electrons to the iron cations on the
surface and rearrangement of the oxidized dopamine. Oxy-
gen on the surface was liable to be protonated because of free
protons in the system and form Fe3+ in the aqueous solution.
Consequently, the reactivity between Fe3+ and dopamine
quickly facilitates the degradation of the nanoparticles.

The solvents also play an important role in the self-
oxidation of dopamine. The presence of ethanol is found to
significantly slow down the polymerization rate of dopamine
and make the surface modification of nanomaterials with
PDA more controllable in comparison to the water-phase
polymerization [21, 36]. PDA can provide a simple and
versatile method for surface modification of iron oxide
nanoparticles and a promising building block towards func-
tional materials (see Figure 5).

The interaction between PDA and iron oxide nanopar-
ticles has been widely investigated by many groups. The
method of Park and coworkers [32] was used for the prepara-
tion of iron oxide nanoparticles from iron(III) oleate. Mussel
adhesive protein served as the inspiration for their surface
coatings, whichwas composed of a polysaccharide containing
pendant dopamine anchors. This composite ligand made
use of multiple surface-dopamine interactions for surface
attachment. Due to the large difference in the affinities of
PDA-hyaluronic acid and oleic acid for the particle surface,
the initial electrostatic interaction between the positively
charged particle layer and the ligand-conjugate was replaced
by a covalent interaction between the particle surface and
the dopamine catecholates. Amstad et al. [22] synthesized
dopamine derivative anchor groups possessed irreversible
binding affinity to iron oxide which can optimally disperse
magnetic nanoparticles under physiologic conditions. This
not only leads to ultrastable iron oxide nanoparticles but
also allows close control over the hydrodynamic diameter
and interfacial chemistry (see Figure 6). Iron(III) in solution
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Figure 2: In situ coprecipitation of IONPs at different polymer-to-iron ratio [18].

forms extremely stable complexes with bidentate dopamine.
For example, a stability constant of 1044.9 has been deter-
mined for the octahedral complex. Given the large stability
constants for these complexes, it is no doubt that catecholate
groups are found in siderophores,moleculeswhich evolved to
sequester iron from the external environment and in adhesive
proteins. Hence the widespread use of dopamine-derived
surface modification for iron oxide nanoparticles function-
alisation is based on the well-studied bonding interactions in
iron dopamine complexes [12].

4. Functionality of PDA Coated
Iron Oxide Nanoparticles

As mentioned above, PDA provides a number of advan-
tages, such as ease and convenience to modification on

iron oxide nanoparticles for further functionalization with
biomolecules, chemical reactivity, near-infrared absorption,
and high fluorescence quenching efficiency [37–39]. Besides,
PDA film exhibits a special zwitterionicity: PDA layer is
positively charged and allows good permeability of negatively
charged small molecules at low pH, while it is negatively
charged and allows good permeability of positively charged
molecules at high pH.The fully reversible and pH-switchable
permselectivity may be conferred with potential applications
in drug delivery or other biomedical applications [40]. PDA
shell can also be further surface functionalized to improve
selective recognition with cells [41, 42]. PDA coatings with
significant ability of enhancing the adhesion and proliferation
of cells show good biocompatibility and promise for tissue
engineering [43, 44]. PDA-coated iron oxide nanoparticles
were also proved to have negligible cytotoxicity [45]. Further-
more, the functional properties of nanoparticles, including
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enhanced magnetization and increased superparamagnetic
blocking temperature, could be significantly improved via
dopamine adsorption on iron oxide nanoparticles [46]. This
was attributed to change frommicrostructure of themagnetic
dead layer on the particle surface, which promoted magnetic
ordering in the surface layer. A one-step reaction strategy was
employed by Mazur et al. [23] to integrate several reactive
sites onto iron oxide nanoparticles. Such particles, with
size of 25 nm, were achieved by simultaneous modification
with differently functionalized dopamine derivatives. Differ-
ent termini, amine, azide, and maleimide functions enable
further functionalization of iron oxide nanoparticles by the
grafting-on approach (see Figure 7).

To enhance the functionality and thus to broaden the
application of PDA coated iron oxide nanoparticles, many
groups have done lots of effort. Kemikli et al. [47] obtained
monosize sub-7 nm porphyrin coated magnetite nanoparti-
cles via dopamine anchor with high crystallinity and well
defined superparamagnetic behavior at room temperature.
Zhou et al. [19] encapsued iron oxide nanoparticles with PDA

in the presence of human hemoglobin, yielding imprinted
particles with preservedmagnetic properties for their separa-
tion after exposure to targeting proteins.The versatility of the
hemoglobin imprinted iron oxide nanoparticles was tested in
a competitive binding assay using five different nontemplated
proteins. In all assays, the relative binding of hemoglobin was
over 80%, suggesting that those iron oxide nanoparticles have
the potential to serve as affinity materials for protein sep-
aration and detection. With an ethanol-mediated oxidative
polymerization of dopamine, Yue et al. [21] have achieved
surface modified iron oxide nanoparticles. They found that
the PDA coatings can dramatically reduce the cytotoxicity of
nanomaterials and enhance their biocompatibility.

With the application environments (pH, temperature,
ionic strength, illumination and time) in mind, the stability
of PDA layer on iron oxide substrates is especially impor-
tant for their application. A comparison of the stabilities
of dopamine hydrochloride and 3,4-dihydroxybenzaldehyde
for magnetic nanoparticles was carried out by Basti et
al. [48] aiming at preparing novel MRI contrast agents.
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Figure 5: SEM (a and b) and TEM (c and d) images of (a and c) the Fe
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nanoparticles and (b and d) the Fe
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@PDA core–shell particles
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Figure 6: Dopamine-derivative anchor groups with irreversible binding affinity to iron oxide and optimal dispersity to superparamagnetic
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Although both ligands coordinated the particle surface,
thermogravimetric and calorimetric analyses indicated that
3,4-dihydroxybenzaldehyde did not have as high a grafting
density as dopamine for magnetic nanoparticles. Hence,
only dopamine was found to be suitable for stabilisation
in aqueous environments, owing to its dense surface cov-
erage. The formation of PDA layers on surfaces in aqueous
solution probably indicates its good stability in aqueous
environment. Dopamine is susceptible to oxidation itself,
whereas PDA is more stable. The mPEG-dopamine-coated
magnetite nanoparticles were stable at 70∘C in the buffers
when pH values are greater than 7 [49].Moreover, dopamine-
based anchor on iron oxide surfaces exhibited exceptional
stability to heating and high salt concentration [50], with its
thermal stability satisfying the requirement of hyperthermia
therapy [14]. Amstad et al. reported dopamine derivative
anchor groups having irreversible binding affinity to mag-
netite nanoparticles under physiological conditions [22]. Iron
oxide nanoparticles modified with PEG-dopamine could be
freezedried and stored as a powder for at least three months

or alternatively redispersed in pure water and stored for
at least four months without noticeable change in particle
stability. Particularly, the suspensions of PEG-nitrodopamine
modified iron oxide nanoparticles can experience multiple
cycles of diluting and heating free of nanoparticle agglomera-
tion. Recently, highly crystalline and hydrophobic magnetite
nanoparticles have been modified at the surface in the
presence of dopamine with the advantages that the stability
provided by a polypeptide shell covalently bonded to the
magnetite surface through a dopamine anchor molecule
instead of other noncovalent interactions [51].

For some potential applications, the PDA layer on mag-
netite nanoparticles must prove their robustness in variable
environments, but relevant data are, so far, very rare. For
example [16], the stability of PDA shell in vivo should be
seriously taken into account. It is known that PDA will
degrade oxidatively with the existence of strong alkaline or
hydrogen peroxide [52]. For the in vivo case, Bettinger et al.
[43] showed that the implant dopamine thin films seemed
to degrade in tissue within eight weeks, where the gross
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erosion of the dopamine implantwas fully completed. It could
be attributed to the rigid properties of dopamine implants,
which resulted in fracture of the implant after insertion into
the host.The existence of dopamine nanoparticles could have
allowed immediate uptake by macrophages and giant cells.
However, it is still unansweredwhether PDA, especially at the
nanoscale, is degradable in vivo as well as within cells [53].

5. Safety Assessment on Polydopamine Coated
Iron Oxide Nanoparticles

As mentioned above, PDA coating served as a useful method
of surface functionalization on iron oxide nanoparticles due
to the ability of this compound to form a nanometer-scale
organic thin film on virtually any material surface to which
many molecules are able to be attached. But a fact should not
be neglected that dopamine is potentially individually highly
neurotoxic molecule [54].Thus evaluation of toxicity of PDA
coated iron oxide nanoparticles should be carried out before
their application, but to date less reference was found closely
related to these aspects except the reports from Na et al. [24],
Postma et al. [55], Xie et al. [15, 56], and Wei et al. [57].

Na et al. prepared a set of PDA and polyethylene
glycol- (PEG-) derivatized oligomers, OligoPEG-Dopa on
iron oxide nanocrystals (see Figure 8), which served as MRI
T2 contrast, and applied MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay to test the potential
cytotoxicity of these NPs to live cells. Finally, they found no
measurable toxicity to live cells [24]. Postma et al. carried
out the cell experiment with PDA/Fe

3
O
4
capsules via a cell

viability assay, showing that the 1𝜇m capsules at the tested
concentrations are not inherently cytotoxic for LIM1215
cells [55]. The work of Xie et al. demonstrated that the
uniform PEG-Fe

3
O
4
nanoparticles with catechol bonding

brought about negligible aggregation in cell culture condition
and much reduced nonspecific uptake by macrophage cells,
meaning that these particles can escape from the innate
immune system [15]. In addition, Xie et al. utilized dopamine
modified iron oxide nanoparticles to yield nanoconjugates
that could be easily encapsulated into human serum albumin
(HSA) matrices. In order to assess their biophysical char-
acteristics, the HSA coated iron oxide nanoparticles were
labeled with both 64Cu-DOTA and Cy5.5 and tested in
a mouse model via subcutaneous U87MG xenograft. The
particles were manifested a prolonged circulation half-life
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and showed massive accumulation in lesions, high extrava-
sation rate, and low uptake by macrophages at the tumor
area [56]. Compact and water-soluble zwitterionic dopamine
sulfonate (ZDS) ligand coated superparamagnetic iron oxide
nanoparticles were prepared by Wei et al. [57] and their
in vitro performance and in vivo performance relative to
nonspecific interactions with HeLa cells and in mice were
both evaluated. They found that those particles showed only
small nonspecific uptake into HeLa cancer cells in vitro and
low nonspecific binding to serum proteins in vivo in mice.

6. Biological Applications

Thesynthesis of dopamine functionalmagnetic nanoparticles
is one of the most active areas in advanced materials as
their surfaces allow conjugation of biological and chemi-
cal molecules, thus making it possible to achieve target-
specific diagnostic in parallel to therapeutics [23]. Surface
modification of diatom frustules with dopamine terminated
iron oxide nanoparticles was confirmed active and available
for the attachment of targeting ligands by Losic et al. [58].
Sustained release over 2 weeks of poorly water-soluble drug
indomethacin from magnetic diatom structures has been
demonstrated and is expected to serve asmagnetically guided
microcarriers with the potential to open new prospects for
noninvasive and targeted drug delivery.

Polymer capsules are considered to be another desirable
mean as drug delivery vehicles. Emulsion droplets, loaded
with magnetic nanoparticles prior to the PDA deposition,
yield about 1 𝜇m sized cargo-loaded PDA capsules [59]. A
pH-sensitive manner was also used on Fe

3
O
4
@PDA NPs for

the controlled drug release via reversible bonding between

catechol and boronic acid groups of PDA and the anticancer
drug bortezomib (BTZ) [25] (See Figure 9). The released
amount of BTZ was pH dependent, with a greater concen-
tration observed at lower pH values.

As universal nonfouling materials, PEGs were linked to
surfaces using dopamine [13] and showed excellent resistance
to serum protein adsorption [60]. A dopamine-PEG based
ligand was used to stabilize uniform 9 nmmagnetic nanopar-
ticles in physiological conditions and against nonspecific
uptake by macrophage cells. Such advantages provide an
opportunity for enhancing the efficiency in target-specific
drug delivery and increasing the signal-to-noise ratio inMRI
[15].

Peng et al. [61] have linked dopamine as spacer molecules
to iron oxide nanoparticles. They found that the existence
of the spacer molecule on magnetic nanoparticles could
greatly improve the activity and the storage stability of bound
trypsin through increasing the flexibility of enzyme and
changing the microenvironment on nanoparticles surface
compared to the naked magnetic nanoparticles. Yuen et
al. [12] prepared core-shell magnetic molecularly imprinted
polymers for protein recognition. The lysozyme-imprinted
Fe
3
O
4
@PDA nanoparticles show high binding capacity and

acceptable specific recognition behavior towards template
proteins.

In addition, magnetic nanoparticles have been largely
used for efficient magnetic resonance imaging. Xie et al.
[62] reported an approach to prepare dopamine-plus-HSA
(human serumalbumin) to functionalize iron oxide nanopar-
ticles, resulting in nanoconjugates with high efficiency in
labeling various types of cell lines, and the application in vivo
MRI on xenograft and focal cerebral ischemia models was
further demonstrated. Lin et al. [39] prepared Fe

3
O
4
@PDA
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NCs with the ability to act as theranostic agents for intra-
cellular mRNA detection and multimodal imaging-guided
photothermal therapy. Generally speaking, the staining of the
target cells by nonfouling nanoparticles is the prerequisite for
this technique. The application usually requires designated
molecules to be anchored onto the surfaces of magnetic
nanoparticles. However, there are not very effective methods
to modify Fe

3
O
4
, to which solution dopamine provides

great opportunity by displaying very good affinity to Fe
3
O
4
.

For example, Xie et al. reported peptide coated iron oxide
nanoparticles via dopamine that act as a contrast agent used
inMRI in vivo tumor detection.Moreover, the cellular uptake
was dramatically increased due to multivalent binding of the
functionalized iron oxide nanoparticles [33].

Immobilization of lipase on appropriate solid supports
has been considered as an effective way to improve their
stability and activity and could be reused for large scale
applications. Ren et al. developed a lipase immobilization
method by use of PDA coated iron oxide nanoparticles.
73.9% of the available lipase was immobilized on PDA coated
iron oxide nanoparticles under optimal conditions, yielding
a lipase loading capacity as high as 429mg/g with enhanced
pH and thermal stability compared to free lipase and the
ease of isolation from the reaction medium by magnetic
separation. This work made the immobilization of enzyme
onto magnetic iron oxide nanoparticles via polydopamine
film more economical, facile, and efficient [63].

Taking the advantages of PDA coatings into account,
the applications will expand in the near future. Although
biomedical application by such reports show promise, their
potential needs to be further determined [64].

7. Conclusions and Perspectives

Dopamine and its derivatives can efficiently and facilelymod-
ify iron oxide nanoparticles and yield functional surfaces.
The surface modification relies largely on the interactions
between nanoparticles substrate and PDA or their deriva-
tives. Modified iron oxide surfaces exhibited the best stability
due to the stronger adhesion [65, 66]. Although the details of
the thermodynamics, kinetics, andmechanisms of dopamine
self-oxidation keep unclear to date, the strong binding of
dopamine represents a robust and feasible approach for the
surface modification of iron oxide nanoparticles [16]. A
large number of functionalities of such nanoparticles have
been developed via the optimization of polymerization, the
selection of dopamine ligands, or even more deeply insight
with the quick appearance of advanced instruments.

This strategy may be utilized in increasing areas, includ-
ing but not limited to biomedical application because of
potential long term stability in wet conditions and resistance
to oxidation. Future researchmay be directed towards an even
more universal dopamine in physiological environments
or at other complex conditions. For better application in
biomedical areas, in vivo and in vitro safety assessment of
PDA coated iron oxide nanoparticles should be carried out
completely. Thus more questions about the modification,
the functionality, and the application of PDA coated iron

oxide nanoparticles, according to those environments or
conditions, should be better answered with broad and deep
interdisciplinary content.
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Carbon-incorporated Co
3
O
4
nanoparticles with an average diameter of 50 nm were prepared via a facile and environmentally

friendly one-pot carbon-assistedmethod using degreasing cotton as a template as well as a reactant.The elemental analysis indicates
the incorporation of carbon species into the Co

3
O
4
nanoparticles and the XPS measurements demonstrate the presence of carbon

species which comes from the incomplete combustion of the degreasing cotton. Interestingly, the resultant sample was able to
split pure water into hydrogen under visible light irradiation without any cocatalyst, which is mainly due to the enhanced light
absorption behavior confirmed by the UV-Vis absorption spectra. This facile method provided a potential strategy for applying
narrow bandgap semiconductors in pure water splitting.

1. Introduction

In recent years, photocatalytic production of hydrogen from
water splitting has been regarded as an ideal solution to
deal with the energy problem, due to its clean, nonprecious,
and environmentally friendly production process via utilizing
solar energy [1, 2]. In this field, a large amount of semicon-
ducting materials have been explored to choose the ideal
material which is capable of splitting water into hydrogen
efficiently.

Co
3
O
4
with a bandgap of 2.1 eV has been widely explored

for photocatalytic production of O
2
from water splitting,

owning to its excellent oxidation ability and low energy gap
[3]. However, due to the lower conduction band minimum
(CBM) compared to the H+ reduction potential, much less
reports on photocatalytic production of hydrogen have been
reported. Although Zhang et al. reported that the Co

3
O
4

quantum dots prepared by a reverse micelle method using

a microwave-assisted solvothermal reaction had an excellent
photocatalytic performance on splitting water into hydrogen
because of theCBMupshift [4], thismethod required difficult
procedures. Boumaza et al. reported that Co

3
O
4
, amultifunc-

tional spinel-type p-type, was capable of promoting hydrogen
photoproduction in the presence of methanol as sacrificial
agent.This material, however, suffered rapid deactivation [5].
Therefore much research should go deep into the Co

3
O
4
as a

photocatalyst for hydrogen production.
It has been reported recently that carbon species can serve

as sensitizers [6, 7]. Zhang et al. reported that the carbon
species incorporated TiO

2
had a high hydrogen production

rate, which is 1.8 times larger than that of P25, owning to the
sensitization effect of carbon [8]. Kado et al. also synthesized
TiO
2
with an enhanced photoresponse, which was modified

by a thin carbon [9]. Nevertheless, Co
3
O
4
modified with

the carbon species as a photocatalyst for water splitting into
hydrogen has not been reported.
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In this work, a facile and environmentally friendly one-
pot carbon-assisted method using degreasing cotton as a
template as well as a reactant was used to synthesize the
carbon-incorporated Co

3
O
4
and its hydrogen production

from photocatalytic splitting of water has been studied. To
the best of our knowledge, this is the first time that the
carbon-incorporated Co

3
O
4
prepared as a photocatalyst was

used to split water into hydrogen and the sample prepared
interestingly even has photocatalytic activity under visible
light irradiation.

2. Materials and Methods

Synthesis. Typically, 17.46 g Co(NO
3
)
2
⋅6H
2
O was added to

20mL deionized water followed by vigorous stirring for
10min, producing a stable pink solution. Subsequently, 1.5 g
degreasing cotton was immersed into the obtained pink
solution and kept in an ultrasonic bath for 10min in order to
have a good dispersion of Co2+ on the surface of degreasing
cotton. Then the treated degreasing cotton was collected and
transferred into a quartz petri dish in the tube furnace (OTF-
1200X-III, Hefei, China) and kept at 600∘C for 2 h in air.

The resultant sample designated as Co
3
O
4
-DC was obtained

without any postprocedures. For comparison, the prod-
uct labeled as Co

3
O
4
-WA was fabricated directly calcining

Co(NO
3
)
2
solution at 600∘C for 2 h without any additive.

The formation procedure is shown as Scheme 1.

Characterization. The crystal structure of the sample was
performed through X-ray diffraction (XRD, a Bruker D8,
𝜆 = 1.5406 Å) in the 2𝜃 of 10–80∘ with scan rate of 10∘/min
and Cu K𝛼 radiation, 40KV. Scanning electron microscopy
(SEM) images were obtained on a Hitachi S-4800 scanning
electron microscope. The particle shapes and sizes were
characterized by TEM measurement (JEOL JEM-1200EX)
with a working voltage being 120 kv. Chemical composition
analysis was carried out using energy dispersive X-ray (EDX)
spectroscopy and X-ray photoelectron spectroscopy (XPS)
which was collected using an ESCALAB 250Xi spectrometer
with a standard Al K𝛼 radiation with the binding energies
calibrated based on the contaminant carbon (C1s = 284.6 eV).
The Raman spectrum was measured using a Renishaw inVia-
Reflex Raman spectrometer. Specific surface areas and pore
size distributions were computed from the results of N

2
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physisorption at 77K (Micromeritics ASAP 2020) by using
the BET (Brunauer-Emmett-Teller) and BJH (Barrett-Joyner-
Halenda). A Cary 300 Scan UV-Vis spectrophotometer was
employed to record the UV-Vis diffuse reflectance spectra
(DRS) in a region of 200 to 800 nm.

Photocatalysis. The photocatalytic activity for hydrogen pro-
duction generated fromwater was estimated under simulated
solar light condition. Typically, 0.02 g photocatalyst was
added into the solution (∼200mL) containing 100mL water
and 100mL ethanol as the sacrificial reagent, as it is more
sustainable and renewable than methanol. The mixture was
put in an ultrasonic stirring for 20min, purged by Ar gas for
20min, and then irradiated under simulated solar light with
magnetic stirring. A 300W Xe arc lamp (LSH-A500, Kaifeng
Hxsei Science Instrument Co., Ltd., China) with UV cut-off
filters (420 nm) was used as the light source. The hydrogen
producedwas analyzed by a gas chromatography (GC-9890B,
Shanghai Linghua Instrument Co., Ltd., China) equipped
with a thermal conductivity detector and a stainless steel
column packed with molecular sieve (5A). Ar gas (99.999%)
was used as the carrier gas.

3. Results and Discussions

3.1. Characterization. The XRD patterns of the Co
3
O
4
-DC

are shown in Figure 1. No impurity peaks are found in
the XRD patterns and all peaks have a good agreement
with the standard spinel cubic Co

3
O
4
spectrum (JCPDS

number 42-1467; space group Fd-3m; lattice constant 𝑎 =
8.084 Å), suggesting that the sample produced is well-
crystallized Co

3
O
4
with high purity. The crystalline sizes of

Co
3
O
4
-DC and Co

3
O
4
-WA (see the supporting information

Figure S1 in the Supplementary Material available online
at http://dx.doi.org/10.1155/2015/618492) calculated from the
strongest peak located at (311) plan, respectively, are estimated
to be 51.64 nm and ∼100 nm according to Scherrer’s formula,
𝐷 = 0.89𝜆/(𝐵 cos 𝜃) (𝐷, average dimension of crystallites; 𝜆,
the X-ray wavelength; 𝜃, the Bragg angle; 𝐵, the pure diffrac-
tion broadening of a peak at half-height), thus confirming
that the crystal size of Co

3
O
4
-DC is much smaller than that

of Co
3
O
4
-WA.

To further observe the morphologies of Co
3
O
4
-DC and

Co
3
O
4
-WA, SEM and TEM were performed. It is clear from

the panoramic view (insets (a), (b), and (c) of Figure 1)
that the Co

3
O
4
-DC interestingly contains uniform and weak

agglomerated Co
3
O
4
nanospheres with 50 nm in diameter,

which is in accordance with the value calculated from XRD.
In addition, disordered hole-like arrangement of pores also
can be seen in inset (a), making a promising favor to facilitate
the water splitting due to the large specific surface area.
The BET surface area and BJH pore size distributions of
the as-prepared Co

3
O
4
-DC are shown in Figure S2 and the

BET surface area is calculated to be 17.46m2 g−1 and the
average pore size is 23.67 nm while the Co

3
O
4
-WA is only

5.8m2 g−1.Thus the Co
3
O
4
-DC should havemore active sites

in principle, which is beneficial to the photocatalytic split-
ting water into hydrogen [10]. Nevertheless, the Co

3
O
4
-WA
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Figure 1: XRD patterns of Co
3
O
4
-DC and the inset is (a) SEM

image; ((b), (c)) TEM images of Co
3
O
4
-DC. The inset bottom red

bars indicate the standard reflections from Co
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(JCPDS number

42-1467).
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Figure 2: Raman spectrumof theCo
3
O
4
-DC.The insets are element

analysis on the surface (a) and the cross section (b) of the Co
3
O
4
-

DC.

nanoparticles despondingly have geometric irregular shapes
which are spherical or rod-like structure with a particle size
of ∼100 nm, as shown in Figure S3.

Based on the analysis above, it is proved that the degreas-
ing cotton used in the carbon-assisted method plays an
important role in the fabrication of the Co

3
O
4
-DC with both

regular morphology and high crystallization.
In an attempt to clarify the structure of the Co

3
O
4
-DC,

Raman spectrum was performed due to its sensitivity on
the microstructure of nanocrystalline materials. As shown
in Figure 2, five obvious peaks are found at 192.4, 476.1,
518.3, 614.5, and 685.2 cm−1, respectively, corresponding to
the five Raman-active modes (A

1g, Eg, and 3F2g) of Co3O4.
The Raman shifts are consistent with those of pure crystalline
Co
3
O
4
[11], revealing that the sample has a similar crystal

structure to bulk Co
3
O
4
.

The insets of Figure 2 show the elemental analysis for the
Co
3
O
4
-DC. The carbon content in the nanoparticles is 31.5

at% (atomic percent) on the surface (the inset (a) of Figure 2)
and 24.35 at% in the cross section (inset (b) of Figure 2),
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.

respectively. These results indicate the incorporation of car-
bon species into the Co

3
O
4
nanoparticles, as a result of

incomplete decomposition of degreasing cotton.
Figure 3 presents the X-ray photoemission spectroscopy

(XPS) of Co
3
O
4
-DC to estimate the chemical composition

of the sample. Peaks corresponding to cobalt, carbon, and
oxygen are detected in the spectrum, indicating that only
Co, O, and C elements can be found in the Co

3
O
4
-DC. The

strong peak of C 1S centers at 284.6 eV can be assigned to
elemental carbon which has given rise to the incomplete
burning of degreasing cotton [12]. The other two weak peaks
showed at 286.5 and 288.1 eV, respectively, which, as expected,
are ascribed to the C–O bonds from insufficient combustion
residual degreasing cotton [13, 14]. Additionally, no Co–C
bond at 282.5 eV has been clearly found [15], revealing that
nearly no carbon is doped into the lattice of Co

3
O
4
. As a con-

sequence, it is proved that the carbon species incorporated in
Co
3
O
4
matrix are almost present as elemental state, which is

in line with the results obtained in Teng’s work [12].
The inset of Figure 3(a) shows the O 1S spectrum of the

evaluated sample. The asymmetric O 1S spectra are fitted
using two component peaks centered at 530 and 531.3 eV,
which are ascribed to the surface lattice oxygen species and
the surface adsorbed oxygen species (O2− orO−), respectively
[16]. The peak at 532.5 can be assigned to C–O [8], which
is caused by the incomplete decomposition of degreasing
cotton. Figure 3(b) gives the Co 2p

3/2
high resolution XPS

spectrum of the as-synthesized Co
3
O
4
-DC. The peaks at

780.1 and 781.8 eV correspond to Co3+ and Co2+, respectively
[17, 18]. The ratio of Co3+/Co2+ on the surface of Co

3
O
4
-

DC estimated by quantitative analysis is 2.84 instead of 2
in the chemical form of Co2+(Co3+)

2
O
4
while it is 1.89 in

that of the Co
3
O
4
-WA (Figure S4), and the probable reason

is the presence of abundant surface oxygen vacancies on

the Co
3
O
4
-WA with much less defects on Co

3
O
4
-DC [16].

Importantly, it has been confirmed that less defects give rise to
higher photocatalytic activity, as the recombination between
photogenerated electrons and holes is decreased at the defect
[19], thus indicating that our prepared sample may have a
better performance on splitting water into hydrogen.

The optical absorption properties of the Co
3
O
4
-DC were

investigated at room temperature by UV-Vis spectroscopy
(Figure 4(a)). It is obvious that more intense and broad
background absorption in the visible light region is observed
for Co

3
O
4
-DC, and the absorption edges shift to longer

wavelength compared with that of Co
3
O
4
-WA. The carbon

residuals on the Co
3
O
4
-DC may be responsible for this

phenomenon. In addition, the bandgap Eg value calculated
according to the UV-Vis spectroscopy of Co

3
O
4
-DC is 2.0 eV

(Figure 4(b)) which was greater than that of Co
3
O
4
-WA (Eg =

1.9 eV, inset of Figure 4(c)). The increase in the bandgap of
the Co

3
O
4
-DCmay be ascribed to the quantum confinement

effects of nanomaterials [20]. Importantly, inset of Figure 4(a)
shows the valence bandmaximumof Co

3
O
4
-DC andCo

3
O
4
-

WA, clearly indicating that they have almost the same
position of valence-band XPS spectra, thus demonstrating
that bandgap widening of Co

3
O
4
-DC was mainly attributed

to the conduction band minimum upshift, which would
provide higher potential for H+ reduction beneficial for
photocatalytic hydrogen production.

Control experiments demonstrated that no hydrogen was
evolved when the reaction proceeded without a photocatalyst
or in the dark under stirring conditions while other condi-
tions remained unchanged.

Figure 5(a) shows the photocatalytic hydrogen produc-
tion on Co

3
O
4
-DC and Co

3
O
4
-WA at water/sacrificial agent

(1 : 1) under simulated solar light. Higher photocatalytic
splitting of water is observed for the Co

3
O
4
-DC (0.85 umol
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Figure 4: (a) UV-Vis spectrum of Co
3
O
4
-DC and Co

3
O
4
-WA, (b) (Ahv)2-hv curve of Co

3
O
4
-DC, and (c) (Ahv)2-hv curve of Co

3
O
4
-WA.

Inset of (a): valence-band XPS spectra of Co
3
O
4
-DC and Co

3
O
4
-WA.

h−1) as compared to that of Co
3
O
4
-WA (0.57 umol h−1). The

improvement of activity of Co
3
O
4
-DC could be ascribed to

the small particle size and a high surface area resulted from
the disordered hole-like arrangement of pores produced by
the decomposition of degreasing cotton as a hard template,
an abundance of oxygen vacancies, and a much more intense
and broad background absorption in the visible light region
which were caused by the sensitization of carbon residuals.
Figure 5(b) displays the photocatalytic hydrogen production
on Co

3
O
4
-DC and Co

3
O
4
-WA at pure water under simulated

soar light; the hydrogen product decreases to 0.13 umol h−1
for Co

3
O
4
-DC, indicating that the sacrificial agent has a

significant effect on the photocatalytic hydrogen production.
It is evidently seen that Co

3
O
4
-DC showed photocatalytic

activity for hydrogen evolutionwhileCo
3
O
4
-WAdidnot have

a photocatalytic performance in purewater under visible light
(Figure 5(c)). Zhang et al. [8] and Lettmann et al. [21] have
proved that the carbon residuals in semiconducting metal
oxide are prone to carrying out a charge transfer process and
are responsible for the photosensitization of semiconducting
metal oxide.Thus, the enhanced photocatalytic activity of the
sample can be ascribed to the sensitization effect of carbon
and the conduction bandminimum upshift. Proposedmech-
anism for photocatalytic hydrogenproduction forCo

3
O
4
-DC

is shown in Figure 5(d). After an electron is excited from the
carbon residual by light irradiation, the electron is injected
to the conduction band of Co

3
O
4
; meanwhile, the electron

excited in Co
3
O
4
also takes part in the hydrogen production

and then hydrogen evolves on the surface of Co
3
O
4
[22].

These results confirm that the carbon-incorporated Co
3
O
4
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Figure 5: Photocatalytic hydrogen production on Co
3
O
4
-DC and Co

3
O
4
-WA under simulated solar light at (a) water/sacrificial agent

(1 : 1); (b) pure water; (c) photocatalytic hydrogen production on Co
3
O
4
-DC and Co

3
O
4
-WA under visible light at pure water; (d) proposed

mechanism for photocatalytic hydrogen production for Co
3
O
4
-DC at pure water.

synthesized via carbon-assisted method using degreasing
cotton has a good performance in hydrogen production and
even has photocatalytic ability under visible light for hydro-
gen evolution.

4. Conclusions

In summary, carbon-incorporated Co
3
O
4
was successfully

prepared by a facile and environmentally friendly carbon-as-
sisted method using degreasing cotton and further applied as
a photocatalyst in photocatalytic water splitting for hydrogen

evolution. The carbon-incorporated Co
3
O
4
was able to split

pure water into hydrogen under visible light condition with-
out any cocatalyst, which is mainly due to the sensitization
effect of carbon. In addition, it provided a potential strategy
for applying narrow bandgap semiconductors in pure water
splitting.
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There are lots of factors which can directly affect output efficiency of photovoltaic device. One of them is high temperature which
would cause adverse effect to solar cell. When solar cell is operated in high temperature, the cell’s output efficiency will become
low. Therefore, improving thermal spreading of solar cell is an important issue. In this study, we focused on finding new materials
to enhance the thermal dispreading and keep the temperature of solar cell as low as possible. The new materials are different from
conventional metal ones; they are called “phase change materials (PCMs)” which are mainly applied to green buildings. We chose
two kinds of PSMs to study their thermal dispreading ability and to compare them with traditional aluminum material. These
two kinds of PCMs are wax and lauric acid. We made three aluminum-based cuboids as heat sinking units and two of them were
designed with hollow space to fill in the PCMs.We applied electric forward bias on solar cells to simulate the heat contributed from
the concentrated sunlight. Then we observed the thermal distribution of these three kinds of thermal spreading materials. Two
levels of forward biases were chosen to test the samples and analyze the experiment results.

1. Introduction

In the development of concentrating photovoltaic (CPV)
technology, heat dissipation is always an important issue
that affects the output efficiency of CPV module or receiver.
The output power of solar cell is inversely proportional
to its operating temperature. The lower temperature solar
cell is the higher power it can produce [1]. Currently, the
most popular thermal-dissipation structure is aluminum-
extruded heat sink with varied shapes, which maximizes the
thermal-dissipating surface area to the air. It will increase
the efficiency of passive thermal convection and keep the
temperature of CPV receivers as low as possible. In this paper,
we used different approaches andmaterials to achieve the new
thermal-dissipation path. These materials are called phase
changematerials (PCMs) which have been applied to thermal
storage and green building technology for a long time [2].
Some PCMs with low melting point (40∘C∼60∘C) and high
latent heat (over 150 J/g) have good ability to reduce room
temperature fluctuation as used in the sandwich wall of the
buildings.

In this study, some PCMs were used to keep solar cell at a
proper temperature for a period of time,making solarmodule

have better power conversion efficiency. This temperature
depends on the melting point of applied PCMs. As a result,
the temperature of solar cell could be controlled at an
expected value. Therefore, it is important to choose suitable
PCMs to perform this experiment.

2. The Thermal Function of
Phase Change Materials

There are three kinds of thermal spreading modes in heat
transfer mechanism: conduction, convection, and radiation.
These are also the core concepts of designing heat sinks. The
most common material of heat sink is aluminum due to its
high thermal conductive coefficient (167W/mK) and easy-
shaping characteristic. Here we embedded the PCMs into the
aluminum heat sink. These materials were expected to add
extra heat capacity of the original heat spreading system.The
extra heat capacity comes from its high latent heat value that
could keep temperature at a specific melting point for a long
time and restart to heat up again until PCMs melting into
liquid state entirely.

In this paper, two PCMs were used, which were paraffin
wax and lauric acid.Theproperties of these PCMs are listed in
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Solar cell

Attached solder

Ceramic substrate

Aluminum plate

Heat flux

Forward bias

Power supply

Aluminum heat sinker cuboids (one is full solid and the other two are hollow with PCMs on the inside)

+ −

Figure 1: Sketch of experiments with solar cell applied forward bias as a heat source center.

Table 1: The individual characteristics of the three experimental
materials [3, 4].

Material Aluminum Paraffin
wax

Lauric
acid

Density (g/cm3) 2.7 0.9 0.88
Specific heat (solid) (J/g⋅K) 0.91 2.9 2.4
Specific heat (liquid) (J/g⋅K) 2.13 2.0
Latent heat of melting (J/g) 321 189 182
Melting point (∘C) 660 49 42
Thermal conductivity
(solid state) (W/m⋅k) 167 0.21 0.15

Thermal conductivity
(liquid state) (W/m⋅k) 0.167 0.148

Table 1 in comparison with aluminum.The melting points of
paraffin wax and lauric acid are 49∘C and 42∘C, respectively.
These melting points are at the lower margin of the CPV
operating temperature. But there are also some thermal
spreading issues of PCMs. First of all, these PCMs often
have low thermal conductivity and high thermal resistance
comparing with aluminum. Another issue is that the PCMs
cannot contact directly with solar cell since there are some
interface materials and circuit board between them. It will
affect heat absorption efficiency of PCMs. In this study, some
samples were fabricated to verify these issues.

3. Experimental Parameters and Conditions

For our thermal spreading and dissipating experiment,
we designed a modified structure from our original CPV
receiver, as shown in Figure 1. The test receiver had several
components and was packaged by SMT. First of all, the
backsides of the solar cells were connected with the gold
contact electrode pads of the ceramic substrates by solder.
We joined the topsides of the dies and the circuit of the
ceramic substrates with wire bonding. The backsides of the
ceramic substrates were integrated in the topside of the
aluminum plate to form the primary part of CPV receiver.
Finally three aluminum cuboids were fixed on the backside
of the CPV receiver and located at bottom center of each
solar cell. We fabricated two different types of the cuboids,
shown in Figure 2, to execute our PCMs thermal-dissipation

Figure 2: The two types of the aluminum heat sinker cuboids for
the thermal dispreading experiment.

experimental analysis. One type of the cuboids was a solid
aluminum bulk as reference sample. Another type was a
hollow cuboid which would fill with PCM as test sample.
Furthermore, two kinds of PCMs were filled into the hollow
cuboids, which were paraffin wax and lauric acid. All of them
were attached directly onto the backside of the aluminum
plate of CPV receiver. Therefore, there were three different
samples in the CPV receiver and the solar cells of each sample
were connected in series.

For establishing a stable and equal heat source, we used a
power supply to bias the solar cells with a 4A or 6A forward
current continuously in the laboratory for 100 minutes
instead of irradiating by unstable outdoor sunlight.When the
solar cells were in forward bias, they would become LED-
like devices and consume the input electric power into heat
and light. During this process, we observed the temperature
change and distribution of these three samples on the topside
of the CPV receiver by thermal image instrument. The
room temperature and humidity were controlled by the air
conditioner.

4. Result and Discussion

The first experimental condition was that the CPV receiver
was biased continuously by fixed-value 6A forward current
in 100 minutes to observe the thermal spreading pattern.
After the experiment, the thermal-equilibrium temperatures
of the solar cells of these three samples were 71.9∘C for lauric
acid, 71.6∘C for aluminum bulk, and 73.5∘C for paraffin wax,
respectively, as shown in Figure 3. These temperature values
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Figure 3: (a) The first two-minute and (b) the 100-minute temperature variations of the solar cells of the three experimental samples under
6A forward current injection.
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Figure 4: (a) The first two-minute and (b) the fifteen-minute bottom temperature values of the three cuboids measured by IR image
instrument.
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Figure 5: The thermal images of the test samples which were heated two minutes ((a) is lauric acid and (b) is aluminum bulk).
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were quite close to the outdoor operating temperature of solar
cell in the sunny summer. The result showed that the entire
thermal dispreading and dissipating efficiency of these three
samples were quite close, too.

Another focus of observation was the different temper-
ature-rising curves of the three samples during the first two
minutes of heating. For the sample with the aluminum bulk,
temperature rising rate of its solar cell was the lowest. This
was because aluminum bulk had most outstanding thermal
conductive efficiency of all samples. The quantity of heat
which was transferred quickly from the solar cell to the
bottom of the aluminum bulk was more than the PCMs
samples. Then there was the highest temperature value on
the backside of the sample with aluminum bulk in first two
and entire fifteen minutes, as shown in Figures 4(a) and 4(b),
respectively. In another view, the comparison of two thermal
images which is backsides of the samples with aluminum
bulk and lauric acid was shown in Figure 5. When the CPV
receiver was heat by forward current in two minutes, the
temperature in the plate region of the lauric acid sample
was 37.5∘C (maximum value) and 30∘C in the bottom of the
cuboid. The different between the two measured points was
7.5∘C. For the sample with aluminum bulk, the different value
was only 1.2∘C. Further the 3D temperature distribution in
the zone of the each PCMs sample was more wide range and
higher than the aluminumbulk sample after being biased two
minutes, as shown in Figure 6. The heat was transferred less
efficiently downward to the cuboids due to the lower thermal
conductivity of the PCMs and the thermal crowding in the
nearby region of the solar cells caused temperature increase
more quickly.

In addition the thermal spreading and dissipating experi-
mental result showed another phenomenon that the solar cell
did not keep in a specific temperature point which was equal
to melting point of lauric acid or paraffin wax. It was also
due to large thermal conductive different among aluminum
and PCMs. In the CPV receiver structure here, the PCMs
were surrounded by aluminum and did not touch the solar
cells directly.There were toomany interface materials to have
good heat absorption efficiency for the PCMs. When the
heat absorption of the PCMs was less efficient than the heat
generation from power supply, it caused that the temperature
value of the solar cell would be higher than the melting point
of the PCM. Although the temperature value of the solar cell
was not entirely controlled in our default method, effect of
the PCM still happened in the cuboid of the CPV receiver
backside. The temperature values of the samples in the CPV
backside were close to the melting points of the two PCMs
and the thermal equilibrium was also shown in Figure 7.
The Sp3 point was 43∘C and Sp4 was 43.3∘C; furthermore,
these temperature values were very close to the melting
points of the lauric acid and paraffin wax, respectively. The
PCMs were in touch directly with the whole inner surface
of the cuboids, so the thermal transference and absorption
would have more efficiency and immediacy than the heat
flow from the solar cells to the PCMs. The outcome was that
the temperature difference from cuboid to PCMs was smaller
than from solar cell to PCMs. If the CPV system operates in
the field, the lower backside temperature of the CPV module
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Figure 7:The highest temperature values of the three bottoms of the
cuboids measured after heating in 100 minutes.

will have more superior protection for system operators and
maintenance staffs. It still had benefit for the development of
the CPV technology to strengthen workplace safety.

We tested another experimental parameter for observa-
tion of lower thermal spreading situation. The 4A forward
current which was given by power supply was injected into
the three test samples continuously for 100 minutes and the
result was shown in Figures 8(a) and 8(b). In the lower
input power case, the three thermal-equilibrium temperature
values of the samples were, respectively, 56∘C for lauric
acid, 55.9∘C for aluminum bulk, and 56.8∘C for paraffin
wax. The difference of the temperature-rising curves was
closer than the previous experiment. Because the input power
was lower, the thermal accumulation was less. Therefore,
the main thermal spreading and dissipating mechanism was
the same with 6A current injection case. From the results
of these two experimental parameters, we could find that
the quantity of the input power did not influence distinctly
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Figure 8: (a) The first two-minute and (b) the 100-minute temperature variations of the solar cells of the three experimental samples under
4A forward current injection.

the heating-rising trend and the difference of the thermal-
equilibrium temperature values in the CPV receiver. The
behavior patterns and mechanisms of the 4A and 6A current
injections were quite the same.

5. Conclusion

We tried to develop innovative thermal sinking method to
decrease the operating temperature of the solar cells in the
CPV receiver. However the PCMs were not an effective
improvement for the heat sinking of these solar cells. The
shape of this experimental sample was cuboid, and then we
would try to fabricate other shapes to test more conditions
in the future. Although there were the similar temperature
values of the solar cells of the test samples for all materials
in the thermal equilibrium by heating, it had improved
the backside temperature of the CPV receiver indeed. This
experiment is the beginning application of the PCMs in the
CPV field and it has still many unexplored questions to be
found and solved.
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This study presents a systematic investigation of the geometric and electronic properties of GaAu
𝑛

0/− and Ga
2
Au
𝑛

0/− (n = 1–
4) clusters based on density functional theory and wave function theory. Detailed orbital analyses, adaptive natural density
partitioning, and electron localization function analyses are performed and relevant results are discussed. GaAu

𝑛

0/− (n = 1–4)
clusters with n-Au terminals and Ga

2
Au
𝑛

0/− (n = 1–4) clusters with bridged Au atoms possess geometric structures and bonding
patterns similar to those of the corresponding gallium hydrides GaH

𝑛

0/− and Ga
2
H
𝑛

0/−. Ga–Au interaction is predicted to occur
through highly polar covalent bonds in monogallium aurides. In contrast to the highly symmetric ground states of 𝐶

2V Ga2Au, 𝐶2V
Ga
2
Au
2
, and𝐷

3ℎ
Ga
2
Au
3
,𝐶
3V Ga2Au4 is composed of strong interactions between aGa+ cation and the face of a tetrahedral GaAu

4

−

anion. The adiabatic and vertical detachment energies of the anions under study are calculated to facilitate their experimental
characterization. Geometric and electronic structural comparisons with the corresponding gallium hydrides are conducted to
establish an isolobal analogy between gold and hydrogen atoms.

1. Introduction

Considering its strong relativistic effects, Au is highly dif-
ferent from other coinage metals (Cu and Ag); Au has the
highest electron affinity (2.3086 eV) of any element other than
the halogens as well as the highest electron negativity (2.4 in
the Pauling scale) among all of the metals [1–4]. The H/Au
isolobal is an extension of the most remarkable experimental
discovery of the H/AuPR

3
analogy thus far and has helped

elucidate the structures and bonding types in various ligated
Au compounds [5, 6]. The H/Au isolobal relationship in gas-
phase Si–Au alloy clusters and B–Au alloy clusters, such as
SiAu
4

0/− [7], Si
2
Au
𝑥

0/−
(𝑥 = 2, 4) [8, 9], Si

3
Au
3
, B
7
Au
2

0/−

[10], B
6
Au
𝑛

0/−
(𝑛 = 1–3) [11], B

10
Au0/− [12], and closo-auro-

branes B
𝑛
Au
𝑛

2−
(𝑛 = 5–12) [13], has been confirmed by joint

photoelectron spectroscopy (PES) and density functional

theory (DFT) investigations. Various compounds with 2c–2e
N–Au and B–Au bonds [14–17], relativistic pseudopotential
calculations on XAu

𝑛

m+ containing Au ligands (X=B–N, Al–
S, 𝑛 = 4–6) [18], and Au-bridged X ⋅ ⋅ ⋅Au–Y Lewis acid-base
pairs have also been reported [19].

The H/Au analogy has recently motivated our group to
analyze the geometric and electronic structures of electron-
deficient B–Au and Al–Au alloy small clusters, such as those
of BAu

𝑛

0/−
(𝑛 = 1–4) [20], B

2
Au
𝑛

0/−
(𝑛 = 1, 3, 5) [21],

B
2
Au
2

0/−/2− [22], AlAu
𝑛

0/−
(𝑛 = 2–4) [23], Al

2
Au
𝑛

0/−
(𝑛 =

1–3) [24], B
2
Au
4

0/−, and Al
2
Au
4

0/−, based on ab initio
theories. These studies reveal a clear structural link between
electron-deficient Au-containing clusters and the corre-
sponding hydride molecules. Comparative studies on the
properties of group IIIA element-Au alloy clusters have
also attracted our interest. Boron, aluminum, and gallium

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 406314, 10 pages
http://dx.doi.org/10.1155/2015/406314

http://dx.doi.org/10.1155/2015/406314


2 Journal of Nanomaterials

hydrides, as well as their corresponding Au compounds,
show several similarities and differences. To the best of
our knowledge, no investigations on gallium aurides are yet
available.

The present study describes a detailed ab initio investiga-
tion on the geometric and electronic structures of GaAu

𝑛

0/−

and Ga
2
Au
𝑛

0/− (𝑛 = 1–4) based on DFT and wave func-
tion theory. Natural resonance theory (NRT) and electron
localization function (ELF) [25, 26] are performed to char-
acterize Ga–Au bonds in monogallium aurides. Natural
localized molecular orbitals (NLMO) and adaptive natural
density partitioning (AdNDP) [27] are performed to discuss
the chemical bonding in digallium aurides. The adiabatic
electron detachment energies (ADEs) and vertical electron
detachment energies (VDEs) of GaAu

𝑛

− and Ga
2
Au
𝑛

−
(𝑛 =

1–4) anions are calculated to aid their PES characterization.
The results obtained in this work extend the concept of
bridging Au interactions and enrich the chemistry of Au.

2. Theoretical Methods

Structural optimizations and frequency analyses were con-
ducted on low-lying isomers using the hybrid B3LYPmethod
[28, 29] and the second-order Møller-Plesset approach by
frozen core approximation [MP2(FC)] [30, 31]. MP2 pro-
duces ground state structures and relative energy orders
similar to B3LYP with slightly different bond parameters.
Relative energies for the lowest-lying isomers were further
refined using the coupled cluster method with triple excita-
tions [CCSD(T)] [32] at B3LYP structures. Stuttgart quasi-
relativistic pseudopotentials and basis sets augmented with
two f-type polarization functions and one g-type polarization
function (Stuttgart rsc 1997 ecp+2f1g (𝛼(𝑓) = 0.498, 𝛼(𝑓) =
1.464, and 𝛼(𝑔) = 1.218)) [33] were employed for Au with
19 valence electrons. The augmented Dunning’s correlation
consistent basis set of aug-cc-pvTZ [34] was used for Ga
throughout this work. Bonding analyses were accomplished
usingNRT,NLMO,AdNDP [27], and ELF [25, 26].TheADEs
and VDEs of the anions were calculated as the energy dif-
ferences between the anions and the corresponding neutrals
at their ground state and anionic structures, respectively. All
calculations in this work were performed using Gaussian
09 [35]. AdNDP and ELF analyses were performed with
Multiwfn [36]. The NBO5.0 [37] program was used to
calculate bond orders and atomic charges.

3. Results and Discussion

3.1. Geometric and Electronic Structures of GaAu
𝑛

and
GaAu

𝑛

−
(𝑛 = 1–4). GaAu

𝑛

0/−
(𝑛 = 1–4) clusters with n–Au

terminals possess geometric structures and bonding patterns
similar to those of the corresponding gallium hydrides
GaH
𝑛

0/− [38]. As shown in Figure 1, low-spin electronic states
are consistently favored inGaAu

𝑛

0/−
(𝑛 = 1–4). At all levels of

theory, the ground structure GaAu− anion (1, 2Σ+) has a bond
length of 𝑟Ga–Au = 2.52 Å and is 1.76 eV more stable than its
quartet isomer (2, 4Σ+) at the CCSD(T) level.Themost stable

GaAu neutral structure (3, 1Σ+) possesses a bond length of
𝑟Ga–Au = 2.45 Å. For GaAu2, the V-shaped 𝐶2V GaAu2

− (5,
1A
1
) with a bond length of 𝑟Ga–Au = 2.55 Å is the ground state

and is 0.80 eV more stable than the linear 𝐶
∞V GaAu2

− (6,
1
Σ
+) at the CCSD(T) level. V-shaped 𝐶

2V GaAu2 (7, 2B2) is
the most stable geometry on the potential surface of neutral
GaAu

2
. A large geometric change may be observed upon

electron detachment from the anion 𝐶
2V GaAu2

− 4 to the
neutral𝐶

2V GaAu2 7, although thesemolecules have the same
symmetry: the Ga–Au bond length increases by 0.08 Å, the
Au–Au distance decreases by 1.19 Å, and theAu–Ga–Au bond
angle considerably decreases by 38∘ in the anion relative to the
neutral molecule.

The perfect planar triangular GaAu
3

− structure has 𝐷
3ℎ

symmetry (9,2A
1
) with a bond length of 𝑟Ga–Au = 2.49 Å and

an Au–Ga–Au bond angle of AuGaAu = 120∘. This structure
is the ground state form and is 0.18 eV more stable than the
off-plane 𝐶

𝑠
GaAu

3

− (10, 2A) at the CCSD(T) level. Neutral
GaAu

3
(11,1A

1
) with an sp2 hybridized Ga at the center of

the molecule is a closed-shell singlet with 𝐷
3ℎ

symmetry.
Compared with the anion, the neutral molecule only exhibits
slight shortening of the Ga–Au bond length (0.1 Å).

On GaAu
4

−, we calculated several isomers and found
that the perfect tetrahedral 𝑇

𝑑
GaAu

4

− (13, 1A
1
) has an

sp3 hybridized Ga. This structure is the ground geometry;
here, the four –Au terminals are singly 𝜎-bound to the
central Ga with a bond length of 𝑟Ga–Au = 2.45 Å and a
Wiberg bond index of WBIGa–Au = 0.93. 𝑇𝑑 GaAu4

− (13) is
separated by at least 0.14 eV from other 2D and 3D isomers
at the CCSD(T) level, which suggests that an Ga– tetrahedral
center is strongly favored in the GAu

4

− anion. Interestingly,
𝑇
𝑑
GaAu

4

− (13) has the shortest Ga–Au bond length and
the largest HOMO-LUMO energy gap of Δ𝐸gap = 2.89 eV in
the GaAu− series. Detaching one electron from the perfect
tetrahedral 𝑇

𝑑
GaAu

4

− (13) involves a John-Teller process to
produce the severely distorted global minimum of 𝐶

𝑠
GaAu

4

(16, 2A), which lies at least 0.22 eV higher than those of other
low-lying isomers at the CCSD(T) level.

3.2. Bonding Consideration of GaAu
𝑛
and GaAu

𝑛

−
(𝑛 = 1–4).

NRT was used to calculate the bond orders and bond
polarities of the molecules under study. As shown in Table 1,
covalent contributions to the Ga–Au interactions contin-
uously increase in the GaAu

𝑛

− series from 𝑛 = 1 to
𝑛 = 4. The Ga–Au bonds in 𝑇

𝑑
GaAu

4

− (13) have the
highest percentage of covalence (78%). The Ga–Au bonds in
𝐷
3ℎ

GaAu
3

− (9), 𝐶
2V GaAu2

− (5), and 𝐶
∞V GaAu

− (1) show
covalent contributions of 54%, 44%, and 40%, respectively.
This result indicates that Ga–Au interactions in the GaAu

𝑛

−

series render the characteristics of ionic structures, especially
in GaAu

2

− and GaAu−.The characteristic of the Ga–Au bond
in the GaAu

𝑛

− series is also illustrated clearly by ELF analysis
[27], which reflects the probability of finding an electron
or a pair of pairs in specific basins (Figure 2). Contour
line maps of 𝐶

∞V GaAu
− (1), 𝐶

2V GaAu2
− (5), 𝐷

3ℎ
GaAu

3

−

(9), and 𝑇
𝑑
GaAu

4

− (13) reveal the presence of a weak
electronic interaction between Ga and Au. This interaction
is a highly polar covalent bond. NBO quantitatively reveals
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Figure 1: Low-lying isomers of (a) GaAu−, (b) GaAu, (c) GaAu
2

−, (d) GaAu
2
, (e) GaAu

3

−, (f) GaAu
3
, (g) GaAu

4

−, and (h) GaAu
4
at the

B3LYP level. Relative energies Δ𝐸 (eV) at B3LYP//B3LYP, MP2//MP2, and CCSD(T)//B3LYP are also indicated (bond lengths in angstrom
and bond angles in degree).

Table 1: Full valency, covalency, and electrovalency indices, covalent percentages, and natural atomic charges (𝑞/|e|) calculated for GaAu
𝑛

−

anions.

Isomers Atom Valency Covalency Electrovalency Covalent percentage 𝑞

1 𝐶
∞V GaAu

− Ga 1.02 0.41 0.61 0.40 −0.44
Au 1.02 0.41 0.61 0.40 −0.56

5 𝐶
2V GaAu2

− Ga 2.03 0.87 1.15 0.43 0.05
Au 1.01 0.44 0.58 0.44 −0.53

9 𝐷
3ℎ

GaAu
3

− Ga 2.85 1.53 1.32 0.54 0.08
Au 0.96 0.51 0.45 0.53 −0.36

11 𝑇
𝑑
GaAu

4

− Ga 3.77 2.95 0.82 0.78 −0.34
Au 0.94 0.74 0.20 0.79 −0.17

the Ga–Au bonding properties: the Ga–Au bond length of
𝑟Ga–Au = 2.45–2.55 Å and the corresponding bond order of
WBIGa–Au = 0.73–0.90 in theGaAu𝑛

− series.These properties
further indicate that the interaction is covalent but with ionic
characteristics.

In the GaAu
𝑛

− series, the perfect tetrahedral 𝑇
𝑑
GaAu

4

−

(13) is unique. Figure 3 shows the four valence molecular
orbitals of themolecule, including a triply degenerateHOMO

(𝑡
2
) and a singlet HOMO-1 (a

1
). 𝑇
𝑑
GaAu

4

− has a bonding
pattern similar to that of 𝑇

𝑑
GaH
4

−, with an sp3 hybridized
Ga center surrounded by four Au atoms to form four
equivalent 𝜎 single bonds. The B–Au and B–H 𝜎 bonds
in 𝑇
𝑑
GaAu

4

− and 𝑇
𝑑
GaH
4

− show subtle differences in
orbital composition because of obvious relative effects in Au.
𝑇
𝑑
GaAu

4

− possesses the orbital combination of MOGa–Au =

0.63(sp3)Ga + 0.77(sd
0.05
)Au and the corresponding atomic
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Figure 2: Contour line maps of electron localization functions (ELFs) in GaAu− (1), GaAu
2

− (5), GaAu
3

− (9), and GaAu
4

− (13).
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Figure 3: Comparison of the four valence MOs responsible for the four equivalent 𝜎-bonds in 𝑇
𝑑
[GaAu

4
]
− and 𝑇

𝑑
[GaH

4
]− at the B3LYP

level.

contribution of 40%Ga + 60%Au, with Au 6s contributing
95.2% and Au 5d contributing 4.7% to the Au-based orbital.
In GaAu

𝑛

−
(𝑛 = 1–4), Au 5d contributes 8.5%–4.7% to

the Au-based orbital, which is less than that in monoboron
aurides.

3.3. Geometric and Electronic Structures of Ga
2
Au
𝑛
and

Ga
2
Au
𝑛

−
(𝑛 = 1–4). All low-lying neutral and anion clusters

of Ga
2
Au
𝑛

0/−
(𝑛 = 1–4) are summarized in Figure 4.

Ga
2
Au
𝑛

0/−
(𝑛 = 1–4) clusters with bridged Au atoms possess

geometric structures similar to those of the corresponding
gallium hydrides Ga

2
H
𝑛

0/− [38]. As shown in Figures 4(a)
and 4(b), the smallest digallium auride Ga

2
Au0/− contains a

bridging Au atom. Anionic Ga
2
Au− exhibits three possible

structures: triplet Au-bridged V-shaped (𝐶
2V, 18, 3B1), singlet

Au-bridged V-shaped (𝐶
2V, 19, 1A1), and triplet linear (𝐶

∞V,
20, 3Σg−). At the CCSD(T) level, the triplet Au-bridged
structure 18 with bond lengths of 𝑟Ga–Au = 2.62 Å and
𝑟Ga–Ga = 2.67 Å, respectively, lies 0.22 and 0.47 eV lower than
the singlet Au-bridged 19 and triplet linear 20 structures.
This result suggests that the triplet Au-bridged 𝐶

2V Ga2Au
−

(3B
1
, 18) is the ground state of Ga

2
Au−. Similar to the

V-shaped Ga
2
H (Ga(𝜇-H)Ga), the doublet Au-bridged 𝐶

2V
Ga
2
Au (21, 2B

1
) is a global minimum lying 0.72 eV lower

than the linear 𝐶
∞V Ga2Au (22) at the CCSD(T) level.

Adding one Au atom to bridge two Ga atoms in 𝐶
2V Ga2Au

−

(18) and 𝐶
2V Ga2Au (21), respectively, produces the ground

states of the off-plane di-Au-bridged 𝐶
2V Ga2Au

− ([Ga (𝜇-
Au)
2
Ga]−) (23, 2A

1
) and 𝐶

2V Ga2Au2 ([Ga (𝜇-Au)2Ga]) (26,
1A
1
), which are at least 0.43 and 0.67 eV, respectively, more

stable than other isomers. Di-Au-bridged 𝐶
2V Ga2Au2 (26)
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Figure 4: Low-lying isomers of (a)Ga
2
Au−, (b)Ga

2
Au, (c)Ga

2
Au
2

−, (d)Ga
2
Au
2
, (e) Ga

2
Au
3

−, (f) Ga
2
Au
3
, (g) Ga

2
Au
4

−, and (h)Ga
2
Au
4
at the

B3LYP level. Relative energies Δ𝐸 (eV) at B3LYP//B3LYP, MP2//MP2, and CCSD(T)//B3LYP are also indicated (bond lengths in angstrom).
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possesses the same geometry as di-H-bridged 𝐶
2V Ga2H2.

For X
2
Au
2

0/− (X=B, Al, Ga) systems, the global minima of
Ga
2
Au
2

0/− andAl
2
Au
2

0/− show similar V-shaped geometries.
Both molecules differ from B

2
Au
2

0/−, which favors a linear
structure containing a multiple-bonded BB core terminated
by two Au atoms. This finding further demonstrates the
presence of a strong chemical interaction between two B
atoms in diboron aurides.

The interaction between two Ga atoms is so weak that
two Au atoms prefer to bond with digallium auride isomers,
such as 𝐷

∞ℎ
Ga
2
Au
2
(28). The anion Ga

2
Au
3

− prefers a tri-
Au-bridged [Ga(𝜇-Au)

3
Ga]− form with a singlet electronic

structure. The most stable geometry of the tri-Au-bridged
𝐷
3ℎ

Ga
2
Au
3

− (29, 1A
1
) with a bond length of 𝑟Ga–Au =

2.69 Å is at least 0.37 and 0.02 eV more stable than di-Au-
bridged 𝐶

𝑠
Ga
2
Au
3

− (30, 1A) at the MP2 and CCSD(T)
levels, respectively. Similar toGa

2
H
3
favoring a tri-H-bridged

[Ga(𝜇-H)
3
Ga] structure, the global minimum of Ga

2
Au
3
is

the tri-Au-bridged 𝐷
3ℎ

Ga
2
Au
3
(2A
1
, 32), which lies 0.54

and 1.17 eV lower than di-Au-bridged 𝐶
𝑠
Ga
2
Au
3

− (33, 2A)
and planar 𝐶

2V Ga2Au3
− (34, 2A

1
), respectively. The Ga–Ga

distance decreases by 0.48 Å and the Ga–Au bond length
decreases by 0.09 Å in anion 29 relative to the neutral
molecule 32. This result indicates a large geometry change
upon electron detachment from the anion to the neutral
molecule, although they have the same symmetry.

Adding one Au atom terminally to a Ga in 𝐷
3ℎ

Ga
2
Au
3

−

[Ga(𝜇-Au)
3
Ga]− (29, 1A

1
) produces the ground state of

tri-Au-bridged C3v Ga2Au4
− [Ga(𝜇-Au)

3
Ga]Ga− (35, 2A

1
),

which is 0.44, 1.33, and 0.92 eV more stable than di-
Au-bridged 𝐶

2V Ga2Au4
− (36, 2A

1
), distorted Y-shaped

𝐶
𝑠
Ga
2
Au
4

− (37, 2A), and mono-Au-bridged 𝐶
1
Ga
2
Au
4

−

(38, 2A) at the CCSD(T) level, respectively. Ga
2
Au
4
has

the same high-symmetry ground state of tri-Au-bridged
C3v Ga2Au4 Au

+[Ga(𝜇-Au)
3
Ga]− (39, 1A

1
), which lies 1.61,

1.22, and 1.57 eV lower than Y-shaped 𝐶
𝑠
Ga
2
Au
4
(40, 1A),

mono-Au-bridged Ga
2
Au
4
(41, 1A), and nonbridged per-

pendicular𝐷
2𝑑

Ga
2
Au
4
(42, 1A

1
), respectively. Similar to the

tri-H-bridged C3v Ga2H4 [39], tri-Au-bridged C3v Ga2Au4
(39) is composed of strong interactions between a Ga+
cation and the face of a tetrahedral GaAu

4

− anion. The
global minima of Ga

2
Au
4
and Al

2
Au
4
have the same ionic

conformer; both molecules differ from B
2
Au
4
, which has a

di-Au-bridged covalent structure.

3.4.Bonding Consideration of Ga
2
Au
𝑛
andGa

2
Au
𝑛

−
(𝑛 = 1–4).

AdNDP analysis [27] is an effective tool for analyzing the
bonding patterns of various organic and inorganicmolecules.
As shown in Figure 5, other bonds besides the lone pairs of
the Au atom may be analyzed as follows. 𝐶

2V Ga2Au (21)
contains one localized Ga–Ga 2c–2e 𝜎-bond with an occu-
pation number of ON = 1.96 |e|, one localized Ga–Ga 2c–2e
𝜎-anti-bondwith an occupation number ofON= 1.96 |e|, and
one delocalized Ga–Au–Ga 3c–2e bond with an occupation
number of ON = 2.00 |e|. 𝐶

2V Ga2Au2 (26) contains one
localized Ga–Ga 2c–2e 𝜎-bond with an occupation number
ofON= 1.90 |e|, one localizedGa–Ga 2c–2e 𝜎-anti-bondwith

an occupation number of ON = 1.90 |e|, and two delocalized
Ga–Au–Ga 3c–2e bonds with an occupation number of
ON = 1.97 |e|. 𝐷

3ℎ
Ga
2
Au
3
(32) contains three delocalized

Ga–Au–Ga 3c–2e bonds with an occupation number of ON
= 1.94 |e|. C3v Ga2Au4 (39) contains one localized Ga

(2)
–

Au
(𝑡)

2c–2e 𝜎-bond with an occupation number of ON =
1.95 |e| and three delocalized Ga–Au–Ga 3c–2e bonds with
an occupation number of ON = 1.93 |e|. The same number
of electrons occupies the bonding and antibonding orbitals
in 𝐶
2V Ga2Au (21) and 𝐶

2V Ga2Au2 (26). Thus, no electronic
effect is produced between two Ga atoms and the delocalized
Ga–Au–Ga 3c–2e bond is the main interaction in high
symmetric Ga

2
Au
𝑛
(𝑛 = 1–4).

Detailed NLMO analyses quantitatively reveal the exis-
tence of bridging Ga–Au–Ga 3c–2e bonds in 𝐶

2V Ga2Au
(21), 𝐶

2V Ga2Au2 (26), 𝐷3ℎ Ga2Au3 (32), and C3v Ga2Au4
(39), as clearly shown in an image of their 3c–2e orbital
and orbital combination (Figure 6). In 𝐶

2V Ga
2
Au (21),

the 3c–2e bond possesses the orbital combination of
𝜏Ga–Au–Ga = 0.38(sp

99.9
)Ga + 0.83(sd

0.02
)Au + 0.38(sp

99.9
)Ga

and the corresponding atomic contribution of 15%Ga +
70%Au + 15%Ga. In the Ga–Au–Ga 3c–2e bond, Au 6s
contributes 97.8% and Au 5d contributes 1.64% to the
Au-based orbital, whereas Ga 4p contributes 98.2% and
Ga 4s contributes 0.76% to the Ga-based orbital. Obvi-
ously, Au 6s and Ga 4p provide the largest contributions
to the Ga–Au–Ga 3c–2e bond, and it can be practically
approximated as 𝜏Ga–Au–Ga = 0.38(p)Ga + 0.83(sd0.02)Au +
0.38(p)Ga. The orbital combinations of Ga–Au–Ga 3c–2e
bond in 𝐶

2V Ga
2
Au
2

(26) [𝜏Ga–Au–Ga = 0.39(p)Ga +
0.83(sd0.01)Au + 0.39(p)Ga] and𝐷3ℎ Ga2Au3 (32) [𝜏Ga–Au–Ga =
0.42(p)Ga + 0.80(sd

0.02
)Au + 0.42(p)Ga] are surprisingly simi-

lar to that of 𝐶
2V Ga2Au (21). However, the composition of

the 3c–2e orbital in C3v Ga2Au4 (39) is obviously different
from that in Ga

2
Au
𝑛
(𝑛 = 1–3). Each 3c–2e bond has an

orbital combination of 𝜏Ga(1)–Au–Ga(2) = 0.40(sp
99.9
)Ga(1) +

0.70(sd0.02)Au+0.59(sp
4.73
)Ga(2) and the corresponding atomic

contribution of 16%Ga
(1)

+ 50%Au + 35%Ga
(2)
.

In the bridging Ga
(1)
–Au–Ga

(2)
3c–2e bond, bridged Au

6s and 5d, respectively, contribute 80.7% and 1.4% to the
Au-based orbital, Ga

(1)
4s and 4p, respectively, contribute

0.7% and 98.6% to the Ga
(1)
-based orbital, and Ga

(2)
4s and

4p, respectively, contribute 17.3% and 81.8% to the Ga
(2)
-

based orbital. Obviously, the 17.3% contribution from Ga
(2)

is not negligible because of the Ga
(2)

atom of the GaAu
4

−

unit. Au 6s and Ga
(1)

4p provide the largest contributions to
the Ga

(1)
–Au–Ga

(2)
bridging bond in C3v Ga2Au4 (39). This

finding agrees with the ionic characteristic of Au
(𝑡)

+ [Ga
(1)
(𝜇-

Au)
3
Ga
(2)
]− presented earlier. Thus, in contrast to the orbital

combination in Ga
2
Au
𝑛
(𝑛 = 1–3), the bridging bond of

C3v Ga2Au4 (39) can be approximated as 𝜏Ga(1)–Au–Ga(2) =
0.40(p)Ga(1) + 0.70(sd

0.02
)Au + 0.59(sp

4.73
)Ga(2). Similar 3c–

2e orbital combinations exist in the corresponding anions.
Compared with the bridging Au 3c–2e bond observed in
electron-deficient systems (B

2
Aun, Al2Aun, and Ga

2
Aun),

we found that bridging Au provides greater contributions
to dialuminum and digallium aurides (70%–68%) than to
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Figure 5:AdNDPbonding patterns ofGa
2
Au (21), Ga

2
Au
2
(26), Ga

2
Au
3
(32), andGa

2
Au
4
(39). Occupation numbers (ON) are also indicated.

Table 2: Calculated ADEs (eVs) and VDEs (eV) of digallium auride anions at the B3LYP and CCSD(T)//B3LYP levels. The ADEs of the
anions are equivalent to the electron affinities of the corresponding neutrals.

ADE VDE
B3LYP CCSD(T) B3LYP CCSD(T)

1 𝐶
∞V GaAu

− (2Σ+) 0.64 (1Σ+) 0.30 (1Σ+) 0.66 (1Σ+) 0.60 (1Σ+)
5 𝐶
2V GaAu2

− (1A
1
) 2.51 (2B2) 2.33 (2B2) 2.75 (2B2) 2.72 (2B2)

9 𝐷
3ℎ

GaAu
3

− (2A1
) 1.99 (1A1

) 1.56 (1A1
) 2.10 (1A1

) 1.86 (1A1
)

13 𝑇
𝑑
GaAu

4

− (1A
1
) 3.23 (2A) 3.07 (2T2) 3.95 (2A) 4.17 (2T2)

18 𝐶
2V Ga2Au

− (3B
1
) 1.47 (2B1) 1.47 (2B1) 1.49 (2B1) 1.50 (2B1)

23 𝐶
2V Ga2Au2

− (2A
1
) 1.45 (1A1) 1.46 (1A1) 1.50 (1A1) 1.52 (1A1)

29 𝐷
3ℎ

Ga
2
Au
3

− (1A
1

) 2.39 (2A
1

) 2.13 (2A
1

) 2.67 (2A
1

) 2.60 (2A
1

)
35 𝐶
3V Ga2Au4

− (2A
1
) 1.96 (1A1) 1.55 (1A1) 2.06 (1A1) 1.87 (1A1)

diboron aurides (50%–45%). Specifically, Au 5d contributes
less than 2% to the Au-based orbital in dialuminum and
digallium aurides.

3.5. Electron Detachment Energies. TheADE andVDE values
of the anions were calculated in PES experiments. As shown
in Table 2, the B3LYP and CCSD(T)//B3LYP levels produced

consistent one-electron detachment energies for GaAu
𝑛

− and
Ga
2
Au
𝑛

−
(𝑛 = 1–4) anions. Except for 𝐶

2V GaAu2
− (5) and

𝑇
𝑑
GaAu

4

− (13),𝐷
3ℎ

Ga
2
Au
3

− (29), the calculated ADEs and
VDEs at the CCSD(T) level lay at 0.30–1.87 eV. The small
differences between ADE and VDE (0.03–0.32 eV) agree with
the minor structural relaxation observed between the anion
and the corresponding neutral molecule. At the same level,
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Figure 6: Isosurface maps and orbital combinations of 3c–2e bonds in Ga
2
Au− (18), Ga

2
Au (21), Ga

2
Au
2

− (23), Ga
2
Au
2
(26), Ga

2
Au
3

− (29),
Ga
2
Au
3
(32), Ga

2
Au
4

− (35), and Ga
2
Au
4
(39).

𝐶
2V GaAu2

− (5) shows ADE = 2.33 eV and VDE = 2.72 eV.
The difference between the ADE and VDE (0.39 eV) shows
considerable structure relaxation between the 𝐶

2V anion
(5) and the 𝐶

2V neutral molecule (7). A similar result was
observed in 𝐷

3ℎ
Ga
2
Au
3

− (29). 𝑇
𝑑
GaAu

4

− (13) anion has
the calculated one-electron detachment energies of ADE =
3.07 eV and VDE = 4.17 eV at the CCSD(T)//B3LYP level.
B3LYP approaches produced close ADE andVDE values with

CCSD(T). The extremely high electron detachment energies
of 𝑇
𝑑
GaAu

4

− indicate that GaAu
4
neutrals lie considerably

higher than GaAu
4

− anions in energy, while the big ADE-
VDE differences (0.72–1.10 eV) agree with the considerable
structural relaxation from 𝑇

𝑑
GaAu

4

− (13) and its closely
related 𝐶

𝑠
GaAu

4
(16). The electron binding energies of

these anions fall within the energy range of the conventional
excitation laser (266 nm, 4.661 eV) in PES measurements.
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4. Summary

This study presents geometric and electronic structural
analyses of GaAu

𝑛

0/− and Ga
2
Au
𝑛

0/−
(𝑛 = 1–4) clusters

based on DFT and wave function theory. The structure and
bonding of a series of GaAu

𝑛

0/−
(𝑛 = 1–4) with one Ga

atom at the center are characterized. NRT, ELF, and NBO
analyses show that Ga–Au interactions in the aurogalliums
are highly polar covalent bonds with ionic characteris-
tics. Ga

2
Au
𝑛

0/−
(𝑛 = 1–4) is predicted to possess highly

symmetric ground states of 𝐶
2V Ga2Au𝑛

0/−, 𝐶
2V Ga2Au2

0/−,
𝐷
3ℎ

Ga
2
Au
3

0/−, and C3v Ga2Au4
0/−. C3v Ga2Au4 present

strong interactions between a Ga+ cation and the face of
a tetrahedral GaAu

4

− anion. AdNDP and NLMO analyses
demonstrate that a Ga–Au–Ga 3c–2e bond exists in these
global minima. Detailed orbital analyses indicate that Au 6s
and Ga 4p principally contribute to the Ga–Au–Ga bond
in the Ga

2
Aun (𝑛 = 1–3) complex. In Ga+(GaAu

4
)− ionic

conformers, besides Au 6s and cationic Ga 4p, tetrahedral
Ga 4s and 4p also contribute significantly to the Ga–Au–
Ga bond in Ga

2
Au
4
; here, the tetracoordinate unit has a

greater influence than the cationic unit on the total 3c–2e
orbital atomic contribution. The predicted ADE and VDE
values of GaAu

𝑛

− and Ga
2
Au
𝑛

−
(𝑛 = 1–4) may facilitate

future PES experiments to confirm these species. Bridging
Au interactions addressed in this work provide an interesting
bonding mode for covalent and ionic deficient systems and
will help design new materials and catalysis with highly
dispersed Au atoms.
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Polypropylene (PP)/clay nanocomposites were synthesized by in situ intercalative polymerization with TiCl
4
/MgCl

2
/clay com-

pound catalyst.Microstructure and thermal properties of PP/clay nanocompositeswere studied in detail. Fourier transform infrared
(FTIR) spectra indicated that PP/clay nanocomposites were successfully prepared. Both wide-angle X-ray diffraction (XRD) and
transmission electron microscopy (TEM) examination proved that clay layers are homogeneously distributed in PP matrix. XRD
patterns also showed that the 𝛼 phase was the dominate crystal phase of PP in the nanocomposites. Thermogravimetric analysis
(TGA) examinations confirmed that thermal stability of PP/clay nanocomposites was markedly superior to pure PP. Differential
scanning calorimetry (DSC) scans showed that the melt temperature and the crystallinity of nanocomposites were slightly lower
than those of pure PP due to crystals imperfections.

1. Introduction

Since the nylon-6/clay nanocomposites with some excellent
properties [1–4], such as enhanced mechanical properties
[1, 2], increased heat distortion temperature, and decreased
gas/vapor permeability [3], were successfully prepared by
Toyota researchers in the late 1980s [4], many researchers
from both academic and industrial labs have been focused on
the polymer/clay nanocomposites [5–8].

Polypropylene (PP), as one of the most widely used
plastics, possesses a relatively high performance-to-price
ratio. However, inferior properties of PP, such as toughness
[9], thermal stability, and barrier properties [10], hinder its
application as high performance materials and special mate-
rials. Clay is one of very abundant phyllosilicate resources
[11]. To improve PP properties, clay layers were hoped to
disperse uniformly in PP matrix, exerting its rigidity, heat
resistance, and dimension stability. However, it is difficult
to prepare exfoliated PP/clay nanocomposites because of the
incompatibility of hydrophobic PP and hydrophilic clay.

In order to improve the compatibility of clay and PP,
surfactants have been used to modify clay [12]. However, It
was found that some surfactants at the PP processing tem-
perature not only accelerated the aging and decomposition
of PP [13], but also led to the restacking of the silicate sheets
[14]. Therefore, the design of surfactants with higher thermal
stability is becoming more and more crucial.

In our previous work, 1-hexadecane-3-methylimida-
zolium bromine with relatively high thermal stability had
been designed and synthesized as clay modification surfac-
tants. Organically modified clay was used to prepare TiCl

4
/

MgCl
2
/clay compound catalyst by chemical reaction method

and PP/clay composites were successfully synthesized by
intercalative polymerization. Effects of polymerization con-
ditions, such as temperature and time, on activity and
catalytic stereospecificity of compound catalyst were studied
in detail [15].

In this paper, the microstructure and thermal properties
of PP/clay nanocomposites were studied at length. Fourier
transform infrared (FTIR) was used to clarify the dispersion
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of clay layers in PP matrix. The dispersion of clay layers
in PP matrix was investigated by wide-angle X-ray diffrac-
tion (XRD) patterns and transmission electron microscopy
(TEM). The thermal stability of PP/clay nanocomposites
was estimated by thermogravimetric analysis (TGA). The
melting process and nonisothermal crystallization kinetics of
PP/clay nanocomposites were tested by differential scanning
calorimetry (DSC).

2. Experimental

2.1. Materials. Clay was supplied by Zhangjiakou Qinghe
Chemical Factory with 90∼100mmol/100 g cation exchange
capacity (CEC). 1-Methylimidazole, 1-bromohexadecane
(>95% purity), and diphenyldimethoxylenesilane (DDS,
>95% purity) were purchased from Sigma-Aldrich Co.
Anhydrous magnesium dichloride (MgCl

2
, >95% purity)

was kindly supplied by Yingkou Science Chemical Co.
Titanium tetrachloride (TiCl

4
) was supplied by Beijing Yili

Fine Chemicals Limited Co. Toluene (Beijing Chemical
Factory) was refluxed continuously over Na under argon for
24 h and was withdrawn from the still immediately before
use. Triethylaluminum (AlEt

3
) and propylene were supplied

by Yanshan Petrochemical Co. Argon (99.99% purity) was
dried by passing it over a P

2
O
5
column.

FTIR spectra were analyzed with a Perkin-Elmer System
2000 Fourier transform infrared in a wave number range
of 4000–400 cm−1. FTIR spectra were obtained on samples
mixed with KBr and molded into pellicle. XRD analysis was
performed on a Japan Rigaku D/max-2500 diffractometer
with Cu K𝛼 radiation (𝜆 = 0.1540 nm) at a generator volt-
age of 40 kV and generator current of 100mA. Scanning
was performed in a step of 0.02∘ at a speed of 2∘/min. The
interlayer spacing (𝑑

001
) of clay was calculated in accordance

with the Bragg equation: 2𝑑 ⋅ sin 𝜃 = 𝜆. TEM was carried
out on a Jeol JEM 2010 transmission electron microscope
using an acceleration voltage of 100 kV. Samples for TEMwere
prepared bymolding into specimens at 200∘Cand turned into
ultrathin membrane by plasma cutting. TGA was performed
with Perkin-Elmer TGA at a heating rate of 20∘C/min under
nitrogen atmosphere. DSC was conducted using a Perkin-
Elmer DSC-7 thermal analyzer under nitrogen atmosphere
with a heating rate of 10∘C/min in a temperature range of 40–
200∘C for dynamic scanning, and melting enthalpy (Δ𝐻

𝑚
)

andmelting temperature (𝑇
𝑚
) were determined in the second

scan. The crystallinity (𝑋
𝑐
) was calculated with the following

equation:

𝑋
𝑐
= Δ𝐻

𝑚
×

100%
[Δ𝐻
∗
× (1 − wt.% (MMT))]

, (1)

where Δ𝐻∗ is melting enthalpy of PP whose crystallinity is
100%, equal to 240.5 J/g [8].

2.2. Synthesis of TiCl4/MgCl2/Clay Compound Catalyst. Syn-
thesis of 1-hexadecane-3-methylimidazolium bromine, prep-
aration of organically modified clay, and preparation of
TiCl
4
/MgCl

2
/clay compound catalyst are as described in [15].

2.3. Preparation of PP/Clay Nanocomposites. 2000mL stain-
less autoclave was degassed and purified with propylene,
and then toluene, AlEt

3
, DDS, and the pretreated catalyst

slurry or powder were added successively to start polymer-
ization. After predetermined reaction time, polymerization
was quenched with diluted hydrochloric solution of ethanol.
Composites (PP1 and PP2) were washed with ethanol three
times, filtered, and dried in a vacuum oven at 70∘C for 8 h.

3. Results and Discussion

3.1. Characterization of PP in PP/Clay Nanocomposites. PP
was synthesizedwith TiCl

4
/MgCl

2
/clay compound catalyst in

combination with AlEt
3
as cocatalyst and DDS as an external

donor in the slurry phase batch process. Some atactic activity
centres can turn inactive because ofDDS as an external donor
in the slurry polymerization [16]. PP obtained in PP/clay
nanocomposites might be stereospecific PP. Isotactic index
(I.I) of PP was carried out as follows: 1-2 g dried PP/clay
nanocomposites were wrapped with the filter paper. The
package was extracted with boiling normal heptane for 10 h
in Soxhlet’s extractor and was dried in a vacuum oven until
its mass was constant. Isotactic index was calculated with the
following equation:

I.I = (𝑤
3
− 𝑤
1
) ×

100%
(𝑤
2
− 𝑤
1
)

, (2)

where 𝑤
1
is the weight of the dried filter paper, 𝑤

2
is the

weight of PP/clay nanocomposites and the filter paper, and𝑤
3

is the weight of package after being extracted and dried. On
average, the I.I value of PP obtained in composites was 94%,
which was close to I.I of PP synthesized by the commercial
CS-2 catalyst (98%), indicating that PP obtained is high
isotacticity PP.

3.2. Structure Characterization of the PP/Clay Nanocompos-
ites. To prove clay in the resulting PP matrix, an infrared
dichroism techniquewas carried out. Figure 1 shows the FTIR
spectra of the PP/clay nanocomposites.The absorption bands
at 1460 cm−1 and 1375 cm−1 are C–H bending vibration of
PP. The broad peak around 3000 cm−1 is C–H symmetrical
stretching and anamorphic vibration. It also can be seen that
dual kurtosis of Si–O stretching vibration of clay appears at
1095 cm−1 and 1035 cm−1, and bending vibration bands of Si–
O–Fe and Si–O–Mg appear at 463 cm−1 and 515 cm−1. The
results revealed that the PP/clay composites were successfully
prepared.

XRDwas used to prove the dispersion of clay sheets in PP
matrix. Figure 2 shows XRD patterns of PP/clay composites.
The XRD patterns display no (001) diffraction peak from
the clay, indicating that the average interlayer spacing of
the clay in PP/clay nanocomposites is larger than 5.8 nm
according to the Bragg equation and indicating that the
silicate layers of clay are fully exfoliated during in situ
intercalative polymerization. At the same time, it could be
seen from Figure 2 that the diffraction peaks at 2𝜃 = 13.9,
16.8, 18.4, and 21.8 corresponded to the planes (110), (040),
(130), and (111) of 𝛼-phase crystallite, respectively. 𝛼-phase
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Table 1: Thermal properties of PP/clay nanocomposites.

Run 𝑇
𝑚
(∘C) 𝐻

𝑚
(J/g) 𝑇

𝑐
(∘C) 𝐻

𝑐
(J/g) 𝑇

0.01
(∘C) 𝑇

0.05
(∘C) 𝑇onset (

∘C)
PP0 162.8 100 117.2 98 298.6 330 379

PP1 158.7 82.7 116.5 82.3 308.8 343.6 443.2

PP2 160.0 80.8 118.3 80.3 323.0 366.3 452.3
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Figure 1: FTIR spectra of PP/clay nanocomposites.
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Figure 2: XRD patterns of PP/clay nanocomposites.

crystallite was still the main crystallite of PP in PP/clay
nanocomposites. Diffraction peaks of 𝛽-phase and 𝛾-phase
crystallite were not observed in XRD patterns of PP/clay
nanocomposites. This conclusion agreed with former work,
and the dominate crystal phase of PP did not change because
of the change of imidazolium and the existence of clay [8].

However, TEM is a powerful technique to prove the
extent of silicate dispersion. Figure 3 shows TEM image
of PP/clay nanocomposites. The TEM micrograph showed
that the silicate layers were well dispersed in the whole PP

Figure 3: TEM image of PP/clay nanocomposites.

matrix. The average thickness of the clay layers was less
than 20 nm, corresponding to about 10 silicate layers of
stacking. It could be concluded fromTEMmeasurements that
exfoliated PP/clay nanocomposites were prepared via in situ
polymerization.

3.3. Thermal Properties of PP/Clay Nanocomposites. DSC is a
technique used to study what happens to the nanocomposites
when they are heated. Figure 4 shows DSC curves of PP/clay
nanocomposites and pure PP, and Table 1 lists the data of
thermal properties of PP/clay nanocomposites. It can been
seen in Figure 4 and Table 1 that the melting temperature
(𝑇
𝑚
) of PP/clay nanocomposites is about 160∘C, slightly lower

than 162.8∘C of pure PP, indicating an increase of crystals
imperfections because of the presence of clay layers. The
degree of crystallization (𝑋

𝑐
) of PP/clay nanocomposites

was lower than that of pure PP, as shown in Table 1, which
also proved the existence of crystals imperfections. However,
the crystallization temperature (𝑇

𝑐
) of nanocomposites was

116.5∘C to 118.3∘C, close to 117.2∘C of pure PP (PP0).
Thermal stability of PP/clay nanocomposites was mea-

sured by using TGA. Figure 5 shows the TGA curves of
PP/clay nanocomposites and pure PP.The initial decomposi-
tion temperature (temperature at 1 wt.% weight loss 𝑇

0.01
and

temperature at 5 wt.% weight loss 𝑇
0.05

) and the maximum
decomposition temperature (𝑇onset) were shown in Table 1.
In comparison of the thermal decomposition temperature of
PP/clay nanocomposites (PP1 and PP2) with that of pure PP
(PP0), the thermal stability of PP/clay nanocomposites was
much higher than that of pure PP. In a word, the effect of
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Figure 4: DSC curves of pure PP and PP/clay nanocomposites: (a) DSC heating thermograms; (b) DSC cooling thermograms.
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Figure 5: TGA curves of pure PP and PP/clay nanocomposites.

clay on the thermal stability of the nanocomposites wasmuch
pronounced.

4. Conclusions

PP/clay composites were successfully synthesized by in situ
intercalative polymerization with TiCl

4
/MgCl

2
/clay com-

pound catalyst, in accordance with FTIR spectra. XRD pat-
terns and TEM image showed that clay layers in composites
were exfoliated into nanometer size and dispersed uniformly
in the PP matrix. The clay enhanced the thermal stability of
PP materials. PP obtained in the nanocomposites had high
isotacticity.The effect of clay on melting temperature and the
crystallization temperature of PP/clay nanocomposites was
slight.
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