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include nano-fabrication, nanocatalysis, bioinspired nanotechnology, green printing nanotechnology,
nanoplasmonics, nanomedicine, nanomaterials and their applications, energy and environmental
nanotechnology, nano EHS (nanosafety), etc. Most of them have great potentials in applications or
application-related key issues in future.
Keywords nanoscience, nanotechnology, nanomaterials, nanomedicine, plasmonics, fabrication,
catalysis, nano EHS (nanosafety)
PACS numbers 81.07.-b, 73.63.-b, 78.67.-n, 87.85.-d, 81.16.-c, 81.05.UContents
1 Introduction
2 Recent research progress in China
2.1 The controllable fabrication
2.2 Nano catalysis: From vision to reality
2.3 Bio-inspired nanotechnology
2.4 Green printing nanotechnology
2.5 Nano plasmonics
2.6 Nanomedicine
2.6.1 Novel therapeutics of cancer with
nanomedicine
2.6.2 Micelles-based drug delivery system
2.7 Nanomaterials and their applications
2.7.1 Molecular nanomagnets
2.7.2 Carbon-based nanomaterials
2.7.3 Rare earth nanomaterials and
fabrication

257
258
258
259
262
263
265
267
267
268
269
269
270
274

2.7.4 Energy nanomaterials
2.7.5 Environmental nanomaterials
2.8 Nanotechnology for analytical sciences
2.9 Nano EHS
3 Perspectives
References

276
277
278
279
280
281

1 Introduction
China is one of the pioneering countries that initiated
nanoscience and nanotechnology research. Through more
than 20 years’ investments and projects implementation,
Chinese nanoscientists are active in exploring nanoscale
sciences in multidisciplinary ﬁelds, and have made a
number of breakthroughs in the studies on various ﬁelds
of emerging fundamental researches and nanotechnology
applications [1].
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In this review, we summarize some most recent
progresses in nanoscience research and nanotechnology development in China, mostly in recent ﬁve years.
We mainly focus on the topics below including nanofabrication, nano catalysis, bioinspired nanotechnology, green printing nanotechnology, nano plasmonics,
nanomedicine, nanomaterials and their applications,
such as carbon-based materials, rare earth nanomaterials and fabrication, energy nanomaterials, environmental
nanomaterials, nanotechnology for analytical sciences,
nano EHS (nanosafety), and other emerging fundamental researches and nanotechnology applications. For example, Chinese scientists have discovered useful methods
for the controllable fabrication of nanomolecules (Section 2.1), and controlled synthesis of CNTs and the directed assembly of metal and metal oxide NPs within
the CNTs for nano catalysis, and found an unique conﬁnement eﬀect within CNTs, which modulates the redox properties of catalyst NPs to turn the vision of
molecule-level catalyst design into reality (Section 2.2).
Bio-inspired nanotechnology is one of the featured researches in China. During more than 15 years, we have
created a bio-inspired research direction, from simply
mimicking natural structures randomly to designing and
programming ideal structures, from neglecting function
and seeking unique function to exploring natural functional system and to integrating various nanomaterials
to artiﬁcial functional system (Section 2.3). Green printing nanotechnology developed by Chinese chemists is
a green plate-making printing technology which abandons the idea of photosensitizing, with advantages of
low cost, almost no pollution, convenient and fast (Section 2.4). Nano plasmonics aims at light manipulation
at nanometer scale and has large application potentials
in many ﬁelds, including information technology and
sensing. Researchers in China have achieved considerable progresses in this ﬁeld, including a cutting edge
progress in shell-isolated nanoparticle-enhanced Raman
spectroscopy (SHINERS) (Section 2.5). In nanomedicine
ﬁeld, rather than using nanoparticles as carrier of delivering traditional drugs by other scientists worldwide
Chinese scientists opened a completely new way of using
low-toxic nanoparticles directly as the cancer therapeutic agents, without carrying any traditional drugs. This
way has been demonstrated to be more eﬀective. These
established a new concept in drug designs (Section 2.6).
Nanomaterial science is one of the most developed ﬁelds
in China, in particular, molecular nanomagnets, controllable synthesis of carbon-based nanomaterials, inorganic
nanomaterials (Section 2.7). China is one of the biggest
countries of rare earth (RE) resources and production
in the world. So, the RE nanomaterial research is an258

other featured area in China. Because of the sharp ﬂuorescent emission via intra-4f or 4f –5d transitions with
abundant f -orbital, conﬁgurations show unique features
including narrow emission band widths (<10 nm), long
luminescence lifetime (µs–ms range) and low long-term
toxicity (Section 2.7). Synthesis and properties investigation of Non-IPR fullerenes have attracted much attention
from the community. Moreover, nanotechnologies for energy conversion and storage (Section 2.7), environmental
nanomaterials (Section 2.7), nanotechnology for analytical sciences (Section 2.8), and nano EHS (Section 2.9),
etc., are also the most active areas in China.
It is noted that many other signiﬁcant progresses have
been made by Chinese scientists. We have no space to
mention all of them here in one article. We speculate
that the reader may ﬁnd some of them in other articles
of this special issue.

2 Recent research progress in China
2.1 The controllable fabrication
The controllable fabrication of self-organized molecular
adlayers on solid substrates is an important step towards integration of functional molecules into molecular devices. Li-Jun Wan et al. at Institute of Chemistry, Chinese Academy of Sciences (ICCAS) developed the sub-molecular resolution scanning tunneling
microscopy (STM) in various chemical environments
to probe the structures of molecular architectures at
nanoscales. The self-assemblies of calixarene, metallosupramolecular compounds, organic semiconductors and
the structural transition of supramolecular assembly under external stimuli have been revealed [2, 3]. Understanding of the driving forces behind the formation of
molecular nanoarchitecturesthrough self-assembly process enables the rational design of nano-patterned, hierarchical molecular assemblies. For example, by simply tuning the attached alkyl chains attached to aromatic core, the target graphene-like molecules can be
organized into diﬀerent nano-patterns (Fig. 1) [4]. Furthermore, modular bottom-up design principle has been
developed to fabricate sophisticated supramolecular architectures [5]. It has been shown that the molecules
can self-assemble into nanoporous networks on surface
with periodically arranged voids, which can serve as template to accommodate guest molecules with desired functions. Furthermore, the ﬂexible template has been designed to be tunable according to the size, functional
groups, and aggregation state of guest molecules. On the
other hand, host-guest interaction can also be utilized
Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)
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to extend the nanostructure in direction vertical to the
substrate, resulting in the ordered molecular nanojunction array. The surface “host-guest” assembly further
enriches the concept of supramolecular chemistry and
is a promising strategy to design the molecular nanostructures. The well-controlled molecular nanostructures
on surfaces provide interesting platform to understand
fundamental physical chemistry, such as surface chirality, molecular electrochemistry, and new approach to
construct molecular electronic device unit [6]. For example, by inducing topochemical polymerization on the
well-organized monomers on surface, the highly ordered
molecular nanowires with semiconductor property can be
fabricated.

Fig. 1 Structural evolution of the self-assembly of a graphene
molecule on HOPG from an alternate “up-down” structure to honeycomb structure upon changing the attached alkyl chain length.

Li-Jun Wan et al. have also been devoted to designing and fabricating nanostructures and nanomaterials for environmental remediation and energy applications based on the comprehensive understanding of
self-assembly of molecules and nanometer-sized building blocks. Besides the intensive investigation of a
great amount of self-assembled molecular adlayers on
solid substrates, they extended their understanding of
the interaction and self-assembly of molecules to fabricate three dimensional molecule-based nanomaterials. Kinds of organic molecules with designed functional groups were chosen to eﬀectively fabricate organic
nanomaterials and even highly-ordered superstructures
via self-assembly techniques. For example, a variety of
porphyrin, fullerene, and other organic semiconductor
nanorods, nanowires, nanobelts, and nanotubes etc. have
been achieved and been demonstrated the potential applications in photoelectronics and sensors [7]. Beyond
that, their understanding of self-assembly at molecular level has been applied onto nanometer-sized building blocks (such as nanocrystals, nanorods, etc.) to
prepare micro/nanomaterials with desirable structures
aiming at practical applications, especially in environmental remediation and energy storage. Several general
eco-friendly synthesis routes have been developed to fabYu-Liang Zhao, et al., Front. Phys., 2014, 9(3)

ricate hierarchically structured metal oxides or sulﬁdes,
including iron oxide, cobalt oxide, titanium oxide, alumina, vanadium oxide, copper oxide and ZnS, etc., with
two or more levels of structure for combining the advantages from diﬀerent structural levels [8]. The overall size
in micrometer or submicrometer level endues materials
with desirable mechanical properties and processibility,
such as robustness, facile species transportation, easy
recovery, regeneration, etc. The size of building blocks
in nanometer level provides a high surface area, a high
surface-to-bulk ratio, a high activity and eﬃcient charge
carrier transport. In combination of these features, the
hierarchically structured materials assembled from nanobuilding blocks exhibit either excellent adsorption capacities for toxic heavy metal ions in water or high photocatalytic degradation activities for eﬃcient removal of
organic pollutants in water. Some of the products, such
as iron oxide and alumina nanostructured materials, have
been successfully used in pilot apparatus for polluted water treatment and demonstrated their practical applications in low-cost and eﬃcient environmental remediation.
On the other hand, the nanomaterials with such structures showed the promising potentials in energy conversion and storage. For example, Pt nanocrystals assembled hollow structures and their composites delivered
high activities as eﬃcient electrocatalysts for fuel cells
[9]. Vananium (V) oxide hedgehog-like hierarchical structures, in which nanoparticles interconnect to nanorods
and these nanorods circle around to hollow microspheres,
showed enhanced electrochemical properties with high
capacity and remarkable reversibility when used as cathode materials in lithium-ion batteries [10]. In order to
further take beneﬁts of nanosize eﬀects (such as favorable Li storage kinetics, enhanced structure stability and
new Li storage mechanism for higher capacity) and overcome its shortcomings (such as low thermodynamic stability and high surface reactivity), several general strategies in designing eﬃcient electrode materials for lithiumion batteries have been explored and demonstrated by
tremendous work in Li-Jun Wan’s group [11–15]. Selfassembled nano/micro hierarchical structures, hierarchical three-dimensional (3D) interpenetrating mixed conducting networks, issue-oriented nanostructured composite design, and controlled surface coating have been
proved as eﬀective ways to construct high-performance
electrode materials for energy storage devices (Fig. 2).
2.2 Nanocatalysis: From vision to reality
Since the 20th century, catalysis has been a core technology in the many aspects of national economy, including petroleum reﬁning, fertilizer/chemical synthesis, and
259
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Fig. 2 (a) self-organization of porphyrin hollow hexagonalnanoprisms; (b) iron oxide microﬂowers for eﬃcient removal of
toxic metal ions in water; (c) hedgehog-like hierarchical nanostructures of V2 O5 ; and (d) Sn-nanoparticles encapsulated elastic
hollow carbon spheres for high-performance electrode material in
lithium-ion batteries.

pollution control. Tailoring catalysts or catalytic processes at the molecular level have long been the “Holy
Grail” of catalytic chemistry, or even the ﬁeld of chemistry. It is now known that key elementary steps of surface catalytic reactions, such as the adsorption of reactants, the diﬀusion of intermediates and the desorption of
products, all involve electron transfers between the catalyst surface and the reactive species. In another words,
the electronic structure of catalyst surfaces directly inﬂuences the activation barrier (i.e., reactivity) and reaction
channels (i.e., selectivity) of a catalytic process. The development of nanoscience and nanotechnology has thus
brought a huge opportunity for catalysis researchers to
tailor the electronic structures of catalysts and subsequently, the catalytic processes.
Conﬁnement eﬀect in carbon nanotubes: XinHe Bao et al. at Dalian Institute of Chemical Physics
(DICP) have developed techniques to assemble catalytically active components inside the CNT channels [16–18].
The technique involves the cleaning of freshly prepared
CNTs, chemically tailoring CNTs to the desired sizes,
and ﬁlling CNTs with catalytically active NPs. More
speciﬁcally, one could ﬁrst deposit metal NPs (such as
silver, iron, etc.) onto the outer surface of CNTs, which
could introduce defects on CNTs through catalytic oxidation. CNTs were then leached by nitric acid, cutting
CNTs of micron-scale length into the fragments of 100–
500 nm in length. Shortened CNTs help the ﬁlling of catalyst NPs, which was also facilitated by chemical functionalization and ultrasonic treatments. Consequently,
metal or metal oxide NPs could be uniformly dispersed
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inside the CNT channels with high eﬃciency (> 85%).
The size of NPs could be controlled within the range of
2 to 5 nms.
The conﬁnement eﬀect of CNTs on catalyst NPs
could signiﬁcantly enhance their catalytic performance in
hydrogenation/dehydrogenation reactions. For instance,
iron NPs conﬁned in MWCNTs (Fe-in) were investigated
for the Fischer–Tropsch synthesis (FTS) reaction, a key
reaction to convert syngas into liquid fuels. Compared
with iron catalysts dispersed on the outer wall of MWCNTs (Fe-out), Fe-in forms more easily the highly active
iron carbide species during the reaction. The catalytic
yield of higher hydrocarbons (C5+ ) from Fe-in is approximately twice the yield (Fig. 3) from Fe-out [19–21].
Adopting the same principle, the researchers assembled Rh-Mn NPs into CNTs, which were subsequently
used for the synthesis of ethanol from syngas. As expected, the electron-deﬁcient character of the CNT cavity alters the reduction performance of catalyst NPs, facilitating the adsorption and dissociation of CO and the
formation of C2 oxygenates, mainly ethanol. The ethanol
yield from Rh-Mn NPs inside the CNTs is signiﬁcantly
higher than that from Rh-Mn NPs outside the CNTs
[22] (Fig. 3). Overall, the above results suggest that the
unique catalytic properties of CNT-conﬁned nanocatalysts originate from the “synergetic conﬁnement eﬀect”,
characteristic of the CNT-metal composite nanosystem.
Combining ﬁrst-principles calculations and Monte Carlo
simulation, Xin-He Bao et al. showed that both CO and
H2 molecules are enriched inside the CNT channels owing
to the special electronic structure of CNTs. Furthermore,
CO was more enriched than H2 due to the stronger interaction between CO and the interior surface of CNTs,
resulting in a higher CO/ H2 ratio than in the bulk syngas feed. The diﬀerent distribution of reactant molecules
from inside and outside the CNTs could substantially
enhance the chemical reactivity and selectivity.
Conﬁnement eﬀect at the metal-oxide interface: Taking advantage of the interfacial conﬁnement
eﬀect, i.e., the strong interaction between ferrous centers
and the precious metal surface, Xin-He Bao et al. designed and synthesized a nanocatalyst system with stable
surface coordinatively unsaturated ferrous (CUF) centers. The synergy between interfacial conﬁned CUF centers and the metal support demonstrates a unique catalytic activity at low temperatures for the preferential
oxidation of carbon monoxide (PROX) [23, 24]. Under
the realistic working conditions of the proton exchange
membrane fuel cell (PEMFC), i.e., low temperature and
in the presence of water vapor and CO2 , they can successfully remove trace CO from the hydrogen feed.

Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)
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Fig. 3 CNT-conﬁned Fe NPs for the FTS reaction (upper panel) and CNT-conﬁned Rh-Mn NPs for the synthesis of
ethanol from syngas (lower panel).

Selective oxidation is a chemical process involving a wide
class of catalytic reactions. When O2 from the air is used
as the oxidant, the reaction often requires a relatively
high temperature to dissociate the stable O2 molecule
into the highly active atomic oxygen species, which, on
the other hand, exhibit poor selectivity under high temperature conditions, and lead to deep oxidation and the
release of large amount of byproducts. Therefore, the design of catalyst to eﬀectively activate O2 under mild conditions remains a major challenge in catalysis. Inspired
by the working principles of dioxygenase, the researchers
have used a variety of advanced surface science methods
together with theoretical methods, to construct ferrous
oxide nanostructures stabilized on the Pt surface, which
achieved high eﬃciency towards O2 activation under ambient conditions and extraordinary catalytic performance
in low temperature PROX and in the selective oxidation
of methanol.
To translate the concept perceived from fundamental
research into real catalytic applications, the researchers
at DICP prepared Pt-Fe catalysts of 3–5 nm size loaded
on silica for the removal of trace CO from hydrogen feed
(PROX). Their results show that when the molar ratio
of reactant gases is 1:0.5:98.5 for CO:O2 :H2 , the conversion of CO and the selectivity of CO oxidation can
Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)

reach 100% at room temperature, i.e., in the presence of
excess hydrogen, atomic oxygen species react selectively
with CO to form CO2 , but not with H2 to generate water
(Fig. 4). In contrast, supported Pt catalysts can achieve
only ∼ 5% CO conversion under similar conditions. The
active structure of supported Pt-Fe catalysts was characterized by in-situ X-ray absorption near edge structure
(XANES), showing the presence of low valent ferrous
species during the steady state reaction. When tested
under the working conditions of PEMFC, typically at

Fig. 4 The catalytic activities of Pt-Fe catalysts supported on
silica during PROX reaction.
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353 to 373 K and with 25% CO2 and 20% H2 O in gas, the
Pt-Fe catalysts can maintain their excellent performance
for more than 1500 hours and yield 92% CO conversion
at 353 K.
In the above system, the role of Pt, besides providing adsorption sites for CO, is to interact strongly with
surface ferrous centers, enabling an interfacial conﬁnement mechanism approximating the function of protein
ligands in an enzyme system. The highly active CUF
centers are stabilized by the interface, yet exhibit ﬂexibility to facilitate the reaction cycles. Adopting this concept, one could further explore other substrate materials
(e.g., nanostructured carbon materials, composite materials, etc.), which could play a similar role as Pt, but is
much cheaper than Pt [25]. Meanwhile, the introduction
of interfacial conﬁnement could lead to a better understanding towards the strong metal-support interaction in
catalysis and facilitate the design of new highly eﬃcient
catalytic systems.

single or multiple stimuli responsive “super switches” between superhydrophobicity and superhydrophilicity [28].
Recently they revealed the underwater superoleophobicity of ﬁsh scale [29], which provides a new clue to construct hydrogel-based superoleophobic surface and solve
the problem of oil pollution. Very recently, they disclosed the secret that spider silk can directionally collect tiny water droplets from the fog (Fig. 5), originating
from special periodic spindle-knots structure [30]. Subsequently inspired by spider silk, they developed the artiﬁcial polymer nanoﬁbers with capability of fog collection
and realize the large-scale fabrication of those functional
nanoﬁbers [31]. This ﬁnding will bring new insight in how
to overcome the droughty problem in some area.

2.3 Bio-inspired nanotechnology
Over millions of years of evolution, nature gestates a
huge range of biological materials with amazing functions
that serve as a big source of bio-inspiration for functional materials. The integration of bio-inspired study
and nanoscience provides an eﬃcient way to prepare
nanomaterials with unique properties and develop advanced nanotechnology. In this ﬁeld the scientists in
china have achieved a series of originally innovative and
high-level performances. Here we take four topics as examples, bioinspired interfacial nanomaterials with special wettability, bioinspired nanochannel, bioinspired adhesive nanomaterials, and bioinspired strong ﬁlms.
To fabricate interfacial materials with special wettability has been one of the hot topics in the ﬁeld of bioinspired study and surface science. Whatever the superhydrophobic lotus leaves with self-cleaning eﬀect and spider silk with water collective property, these ﬁndings reveal that the nano- and micro- scaled structures have
strong inﬂuence on the macroscopic wettability of solid
surfaces. Lei Jiang et al. at the Institute of Chemistry,
Chinese Academy of Sciences (ICCAS) have explored
special wettability of several natural species, like lotus
leaf with superhydrophobicity [26] and butterﬂy wing
with anisotropic wettability which revealed the mechanism of their special wettability. These studies set up
the base of how to prepare bioinspired interfacial materials with special wettability. They have successfully
prepared a series of superhydrophobic interfacial materials with multiple functions [27]. Further by introducing
the concept of binary cooperative eﬀect, they developed
262

Fig. 5 The special periodic spindle-knots structure of spider silk,
which results to directional collection of tiny water droplets from
the fog. The spindle-knot is composed by random nanoﬁbrils and
the joint is composed by aligned nanoﬁbrils.

Bio-inspired nanochannel is another new branch of bioinspired study [32]. Cells often use ion channels to communicate chemically and electrically with the extracellular world. Biological ion channels can open and close
in response to ambient stimuli for regulating ion permeation through cell membranes. This unique capability
is helpful to various important physiological functions
in life processes. For example, Lei Jiang et al. reported
a fully abiotic single-pore nanoﬂuidic energy-harvesting
system that eﬃciently generates electricity by converting Gibbs free energy in the form of a salinity gradient
Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)

REVIEW ARTICLE
[33]. The maximum power output with the individual
nanopore approaches 26 pW.
The control of adhesive property on a solid surface is
very important to fundamental science and practical applications. Most attractively, healthcare-related adhesion
between cells and biomaterials or surfaces of biomedical devices remains a great challenge. By mimicking this
anisotropic structure, Dong Han et al. at National Center
for Nanoscience and technology (NCNST) prepared an
artiﬁcial blood vessel capable to prevent platelets adhering. Another very important progress in adhesive surface
is closely related to cancer diagnosis. Traditional immunologists considered that the recognition of cancer cells
only depends on molecular recognition. However, in real
immune system, microvilli and nanoprotrusions of immune cell are usually involved in the recognition process.
Shu-Tao Wang et al. at ICCAS designed a speciﬁc adhesive and high eﬃcient surface to cancer cell by integrating
nano-topographic interaction with molecular recognition
[34]. This immune-inspired adhesive nanostructured surface can recognize and capture several cancer cells from
one billion bloods, which is three order more sensitive
than the routine ﬂow cytometry. By further combining
with microﬂuidic, they can achieve about 100% capture
of targeted cancer cells [35]. Very recently they fabricated
an easy-capture and easy-release surface by introducing
exonuclease-cleavable aptamer onto silicon nanowires array [36]. This study broke through the limit of traditional
molecular immunology in cell recognition and more importantly it provides a great platform to early cancer
detection and therapy monitoring.
Bio-inspired strong ﬁlms are emerging as one kind
of functional nanomaterials derived from the traditional
biomineralization ﬁelds, which is associated with the assembly of nanoscale building blocks. Inspired by biomineralization phenomena Shu-Hong Yu and his team developed a self-assembly approach at air-water-oil interface
to prepare strong inorganic/organic hybrid layered ﬁlms

[37, 38]. For example, the tensile strength of Cu-NO3 chitosan hybrid ﬁlm achieved to 160 MPa [38], which is
8 times as high as that of pure chitosan ﬁlm and surpasses
the natural nacre [38]. In addition, inspired from natural nacre, Lei Jiang and his colleagues prepared a transparent, layered nanocomposite hydrogel from poly(Nisopropylacrylamide) and clay [39]. This hydrogel shows
excellent mechanical properties and a hierarchical microstructure. This concept to prepare wet-chemical highperformance materials can be used for wide applications,
such as tissue-engineering, sensors, artiﬁcial muscles, and
underwater antifouling materials.
2.4 Green printing nanotechnology
Currently the mainstream plate-making technology in
China is Laser Typesetting, and the widely used platemaking technology worldwide is Computer-To-Plate
(CTP). Both technologies are based on the photosensitizing mechanism. Therefore these two technologies inevitably include complex processes like exposing, developing, photographic ﬁxing and processing. All the processes cause problems of high cost, time-consuming and
serious environment pollution because the photosensitizing needs washing with chemicals. Currently, chemical efﬂuent discharged annually by the print industry in China
reaches hundreds of thousands of tons, which contains
hundreds of tons of silver and tens of tons of aluminium.
This results in serious resource waste along with terrible
environment pollution [40].
Completely diﬀerent from the above photosensitizing
technology, Yan-Lin Song et al. at ICCAS invented a
green printing plate-making technology via controlling
the surface wettability with nanomaterials [41]. Figure
6(a) schematically shows the process of green platemaking technology, where the graphic information is ﬁrst
inputted into the computer and then the printing plates
can be directly obtained through inkjet printing. The le-

Fig. 6 (a) Scheme of the green plate-making technology; (b) The green plate-making equipment (left), and the demonstration of the production process (right). It shows that no photosensitizing process is involved in this new technolgoy and
the printing plate is directly obtained by inkjeting functional nanomaterials on the nanostructured plate to have the desired
superhydrophilic nonimage area and superhydrophobic image area.
Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)
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ft part of Fig. 6(b) exhibits the green plate-making equipment. The right part of Fig. 6(b) demonstrates the process for the printing plates with the new technology,
where the printing plates are directly obtained by inkjetting the functional nanomaterials on the nanostructured
plate to have the desired superhydrophilic nonimage area
and superhydrophobic image area. No photosensitizing
process is involved in this new technology, and the image area and nonimage area are achieved with the strong
contrast of the wetting property of the ink on the superhydrophobic and superhydrophilic areas.
It is evident that the green plate-making technology
relies on the manipulating of the surface wettability with
nanomaterials. Surface wettability is one of the key properties of materials, which is governed by the surface
chemistry and topology. In nature, many biological materials exhibit special surface wettability, for example,
lotus leaves are superhydrophobic which renders them
the property of self-cleaning [42, 43].
Biomimetic research shows that the cooperation of microscale and nanoscale structures as well as the surface
chemical composition on these surfaces results in surfaces
with tunable wettability [44]. In the case of a droplet sitting on a rough solid surface, Wenzel observed that the
apparent contact angle, θw , is determined by Eq. (1) [45]:
cos θW = r cos θY

(1)

where r is the surface roughness, and θY is the Young’s
contact angle, i.e., the contact angle on an ideal ﬂat and
homogeneous surface of the same material. From Eq. (1),
one can see that a hydrophobic surface (θY > 90◦ ) will be
more hydrophobic and a hydrophilic surface (θY > 90◦ )
will be more hydrophilic when the surface roughness is
introduced. Cassie and Baxer proposed another model
for the droplet sitting on a rough surface with low surface energy, where air is trapped under the droplet [46]:

cos θC = φ cos θY + φ − 1

(2)

where θC is the apparent contact angle on the rough surface, θY is the apparent contact angle on the ﬂat surface
of the same material and φ is the area fraction of the
droplet in contact with the solid surface. According to
Eq. (2), hydrophobicity can be enhanced by increasing
the surface roughness, i.e., decreasing the φ.
Both Cassie and Wenzel equations predict that
increasing the roughness is the key to having extreme wettabilities, i.e., superhydrophobicity and superhydrophilicity. Yan-Lin Song et al. introduced the
nanoscale roughness on the plain plate to accomplish
the superhydrophilicity. Figure 7 shows scanning electron microscopic (SEM) images of plates fabricated in
Yan-Lin Song’s group [41]. The roughness can be systematically tuned by controlling the pore size of the plates
as demonstrated in the right side of Fig. 7, where the
pore size was varied from several tens of nanometers to
several hundreds of nanometers. Inset of the left side of
Fig. 7 shows that the plate is superhydrophilic.
To achieve the superhydrophobic image area, Yan-Lin
Song et al. utilized the nanomaterials with low surface
energy and diﬀerent morphologies [47, 48]. The nanomaterials were inkjeted onto the superhydrophilic plate.
After drying the nanomaterials clustered on the plate
surface with various fractal factors tuned by the morphology of the nanomaterials. Because the nanomaterials
were designed to have low surface energy, the area with
the nanomaterials is superhydrophobic and oleophilic. As
such Yan-Lin Song et al. achieved the superhydrophobic
image area on the superhydrophilic non-image area on
the plate. One has to note that the resolution of superhydrophobic image area can be controlled by manipulating the movement of the three phase contact line of the
air/liquid/solid interface. Beneﬁtted from the use of the
nanomaterials, the resolution could be as high as submicrometer.

Fig. 7 A scanning electron microscopic (SEM) image of a nanostructured plate (left), and the inset shows the complete
spreading of water on this plate demonstrating its superhydrophilicity; the right part shows that the pore size on the plate
can be tuned by one order of maganitude ranging from tens of nanometers to hundreds of nanometers.
264
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The functional nanomaterials play a key role in this
green plate-making technology and some fundamental
scientiﬁc challenges had to be overcome. On one hand,
one has to consider the morphology of jetted nanomaterials, pinning eﬀect of the ink at the boarder of the
image and non-image areas as well as capping agents
used for stabilizing the nanomaterials [42]. On the other
hand, the rheological and mechanical properties of jetted
nanomaterials have to be considered, so that the blocking during the jetting could be prevented and the asprepared plates have a desired printing durability. Compared with the existing printing technologies, the green
plate-making technology has advantages of low cost, almost no pollution, convenient and fast, needless to be
in totally dark places. It can be expected that the new
technology will substantially reduce the pollution in the
print industry.
2.5 Nano plasmonics
Metal nanostructures support surface plasmons (SPs),
collective oscillations of free electrons at the metaldielectric interface, which make the metal structures
show many extraordinary optical properties [49]. The
studies about SPs have formed an emerging ﬁeld
called “plasmonics” or “nano-plasmonics”. Due to the
tight spatial conﬁnement of SPs, light manipulation at
nanometer scale becomes possible. Plasmonics is therefore thought as one promising candidate that can scale
photonic devices down to the subwavelength scale. One
dimensional metal nanostructures, for example, metal
nanowires, can support SP propagation over a distance
typically ranging from several to hundreds of microns.
Metal nanowires, therefore, can be used as optical waveguides like optical ﬁbers, but operate in subwavelength
scale. This character makes it attractive to many researchers. For example, Xing Zhu et al. at Peking University introduced a bowtie antenna to enhance the coupling of light into the nanowires [50]. Li-Min Tong et

Fig. 8

al. at Zhejiang University integrated metallic nanowires
with semiconductor nanowires and studied the photonplasmon coupling eﬃciency [51]. Hong-Xing Xu et al.
at Institute of Physics, Chinese Academy of Sciences
(IOPCAS) have performed a systematic study on the
nanowire plasmons. They developed functional elements
based on metal nanowire SPs, including router, demultiplexer, modulator and quarter wave-plate [52, 53]. Most
strikingly, they demonstrated a complete family of SPbased Boolean logic gates in silver nanowire networks
based on coherent interference [54]. By shining light onto
the input end of a nanowire, propagating SPs of multiple modes can be launched. SPs of diﬀerent modes
can interfere with each other and generate ‘beating’ patterns along the nanowire which were detected experimentally by using quantum dot imaging technique. In the
nanowire network involving two input ends, the phase
diﬀerence between the two inputs can be manipulated to
control the local ﬁeld distribution. On the other hand,
the amplitude of SPs can be tuned by changing the polarization of the incident light. Therefore, by controlling
the polarization and the phase of the incident light, a full
control over the emissions from the output ends is feasible. By deﬁning the input and output states, a set of
Boolean logic operations can be realized, such as AND,
OR and NOT. A binary half adder can also be deﬁned
in a similar fashion. To demonstrate the potential in optical computing, they went a step further and showed
that the SP-based logic gates can be cascaded to carry
out more complex operations [55]. In a four-terminal
nanowire network, they cascaded the OR and NOT gates
and realized a plasmonic NOR gate [Fig. 8(a)]. Although
the plasmon-based optical computing is still in its baby
age, the revealed potential of developing novel nanophotonic on-chip processor architectures is nevertheless very
attractive and deserves further investigations.
Surface plasmons are also involved in many studies
of meta materials, a class of man-made materials constructed by precisely shaping and arranging natural ma-

Schematic drawing of plasmonic NOR gate (a) and SHINERS (b). Reproduced from Refs. [54, 64].
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terials, with fantastic applications such as extraordinary
optical transmission [56], negative refractive index materials [57] and optical cloaking [58]. Recently, Ru-Wen
Peng et al. at Nanjing University reported a signiﬁcant
progress on designing transparent metal gratings [59, 60].
Lei Zhou et al. at Fudan University made a great progress
on converting propagating wave to surface wave with a
nearly 100% eﬃciency by using a special gradient-index
meta-surface [61]. Unlike other conversion schemes, the
momentum mismatch between the propagating wave and
surface wave is compensated by the reﬂection-phase gradient of the surface. More importantly, the high eﬃciency conversion can be achieved for any incidence angle
larger than a critical value. Therefore, this new idea of
gradient-index meta-surface may pave the way for many
micro-/nano-optics applications, such as high-eﬃciency
couplers, anti-reﬂection surfaces and light absorbers.
Many other discoveries on manipulating light propagation are reported. For example, Zhi-Yuan Li et al. at
IOPCAS drilled a subwavelength hole on a metal ﬁlm
and fabricated grooves of well-designed pattern around
it [62]. By shining light onto the structured metal surface, surface plasmons are excited and scattered by the
grooves. The interference of the scattered waves results
in the reconstruction of the pre-designed image, which
can be recorded away from the metal surface in analogy
to the conventional holography. Shi-Ning Zhu et al. at
Nanjing University used a new non-perfectly matched inplane diﬀraction method to modulate the SP beam phase
and wave front and generated Airy SPs [63]. The unique
properties of the SP Airy beam were demonstrated, including non-diﬀraction, non-dispersion, parabolic focusing and self-healing. Using the same technique, they were
able to realize broadband surface plasmon focusing that
was further utilized for plasmonic demultiplexer.
Apart from controlling electromagnetic waves for functional devices, the sensing techniques based on SPs are
also intensively investigated. SPs in metallic nanostructures are capable to concentrate electromagnetic ﬁeld
into tiny spaces, such as a nanogap between metal nanostructures [64]. The consequence of this unique capability
is that a giant electromagnetic ﬁeld enhancement can be
achieved and applied to amplify weak optical processes
like the Raman scattering of molecules – a technique
known as surface enhanced Raman spectroscopy (SERS).
SERS is regarded as an important and promising method
to detect a small amount of analytes with high sensitivity. Zhong-Qun Tian et al. at Xiamen University have
conducted systematic studies on the SERS in transition
metal structures [65]. Recently, his group proposed a
new approach for SERS, which they called shell-isolated
nanoparticle-enhanced Raman spectroscopy (SHINERS)
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[Fig. 8(b)] [66]. The idea is to disperse some dielectriccoated gold nanoparticles onto the target samples so that
the SERS signals from the molecules sitting below the
nanoparticles can be detected. The advantage of SHINERS is that the chemically inert shell prevents the interactions between metal nanoparticles and probed analytes, which may otherwise distort the true Raman spectra. Hong-Xing Xu et al. at IOPCAS examined the SERS
performances of some novel nanostructures [67–69], and
proposed a new excitation conﬁguration for SERS measurements [70]. By using silver nanowire as waveguide,
the excitation light is guided to the hot spots several
microns away to excite the Raman scattering of the
molecules. The remote-excitation makes the illumination
at the hot spots conﬁned at nanometer scale, which results in an ultralow background and low damage to the
sample. This remote-excitation method provides a new
conﬁguration for SERS sensing and may ﬁnd applications
in many new systems.
Similar to the ﬁeld enhancement eﬀect in particleparticle junctions, SPs can also get localized in a metal
tip-ﬁlm gap. The electromagnetic ﬁeld enhancement in
the gap is experienced by nearby molecules so that the
Raman signal of those molecules can be detected. Unlike
SERS, tip-enhanced Raman spectroscopy (TERS) can
be done in a more controlled way by controlling the tip
of the scanning probe microscope. Hong-Xing Xu et al.
at IOPCAS built a high vacuum TERS system and used
it to monitor the chemical reaction processes in situ [71].
The high signal-to-noise ratio TERS spectra they obtained revealed the dimerization process of the probed
molecules. The Raman spectra from the new molecules
formed in the chemical reaction were misinterpreted by
many researchers as originated from the charge transfer
between the molecules and the metal. By tuning the laser
power, bias voltage or tunneling current, it was demonstrated that the TERS system can control the reaction
rate probably due to the hot electrons associated with
the localized SPs. This achievement gives insight into
the ﬁeld so-called plasmon-enhanced catalysis, a newborn area that may be promising for the global energy
problem. Another recent advance in TERS is measuring
single molecule conductance and Raman signal using a
“ﬁshing mode” TERS technique, proposed by Bin Ren et
al. at Xiamen University [72]. They used the TERS technique to monitor the structure of a molecule in the gold
tip-ﬁlm junction at room temperature. This technique
allows us to simultaneously obtain the conductance and
Raman spectra of single molecule. This is an important
progress in understanding the electron transport process
in molecular junctions.
Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)
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2.6 Nanomedicine
2.6.1 Novel strategy for cancer therapy with
nanomedicine
Nanostructured materials-based medicines are emerging
as robust platforms with immense potentials for eﬀective
cancer therapy. However, most current investigated engineered nanoparticles with development for anti-tumor
drugs as their goal are under the roof of nanocarriers or drug delivery systems. Yu-Liang Zhao et al. at
National Center for Nanosciences and Technology (NCNST) & Institute of High Energy Physics, CAS (IHEP,
CAS), developed a completely new way in which the
hydroxylated metallofullerene Gd@C82 (OH)22 nanoparticles are directly used as the novel anticancer medicine
without upload of any conventional anticancer drugs [73–
76]. The metallofullerenol nanoparticle was originally
developed for a new generation of high-contrast MRI
imaging agent. With nanosurface design [77, 78], YuLiang Zhao et al. discovered that Gd@C82 (OH)22 can be
an eﬀective and promising anti-tumor agent with much
higher inhibitory eﬃcacy of tumor growth versus the
current clinical anticancer drugs [69]. More importantly,
in contrast to other anticancer agents or nanomaterials, Gd@C82 (OH)22 nanoparticles do not kill tumor cells
(and also normal cells), but rather inhibit tumor growth
and metastasis (Fig. 9).
The Gd@C82 (OH)22 molecule is smaller than 2 nm,
but Gd@C82 (OH)22 tends to aggregate in aqueous solutions and forms dispersed Gd@C82 (OH)22 nanoparticles with an average diameter of about 100 nm, which

is a ubiquitous property identiﬁed in metallofullerenol
studies. The nanoparticles at a low dose inhibited hepatocellular damage in association with about 60% inhibition of tumor growth. Although the molar dosage of
Gd@C82 (OH)22 nanoparticles was approximately 1/500
that of the antineoplastic agent cyclophosphamide, their
eﬃciency was much higher under the same experimental conditions, and no observable damage to any important organs [73]. Moreover, Gd@C82 (OH)22 nanoparticles could reactivate defective endocytosis of cisplatin in
cisplatin-resistant (CP-r) cells, and tumor resistance to
cisplatin was overcome by treatment with a combination
of Gd@C82 (OH)22 nanoparticles and cisplatin, both in
vitro and in vivo [74]. The high antitumor eﬃciency of
Gd@C82 (OH)22 nanoparticles is not the result of traditional cytotoxic eﬀects, but rather their direct regulation of the tumor microenvironment. The nanoparticles
do not kill tumor cells directly, and less than 0.05% of
the exposed dose of Gd@C82 (OH)22 nanoparticles was
distributed in the tumor tissues in tumor-bearing mice
[73].
Angiogenesis inhibition is emerging as an important
strategy in the development of antitumor therapies.
Gd@C82 (OH)22 nanoparticles represent a new “particulate form” of angiogenesis inhibitor, with more favorable features than the traditional “molecular form” inhibitors. Gd@C82 (OH)22 nanoparticles have a wide inhibition spectrum of more than 10 angiogenic factors
[79]. They largely reduced tumor blood perfusion and efﬁciently lowered the speed of blood ﬂow to tumor tissues
by about 40%. The results of in vivo experiments showed
that Gd@C82 (OH)22 nanoparticles potently inhibited

Fig. 9 Schematic representation of possible anti-metastatic mechanism of Gd@C82 (OH)22 nanoparticles mainly via a MMPinhibition process. The thick ﬁbrous cage may act as a “prison” to conﬁne invasive cancer cells within the primary site.
Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)
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tumor growth, with a tumor-inhibition rate higher
than the clinical breast-cancer-speciﬁc chemotherapeutic
agent paclitaxel, at a dosage of Gd@C82 (OH)22 nanoparticles one-third the dose of paclitaxel. However, they did
not interfere with normal blood vessels, and no changes
in the morphology of capillary vessels in normal tissue
were seen, including no pronounced abnormalities such
as gaps, disﬁgurements or breaches in the cell layer in
blood vessels. These ﬁndings conﬁrm the angiogenesisinhibitory activity of Gd@C82 (OH)22 nanoparticles in
the tumor microenvironment [79]. Gene expression analysis studies showed that the MMP family was strongly
inhibited in response to Gd@C82 (OH)22 nanoparticle
treatment. The Gd@C82 (OH)22 nanoparticles induced
dendritic cell maturation and activated Th1 immune responses [80], and potently inhibited the production of
MMPs at both the mRNA and protein levels in tumor
tissues [81]. Malignant tumors remain an important unresolved medical issue. The tumor microenvironment operates complex mechanisms to become a double-edged
sword to either assist tumor cells to become invasive
and metastatic or to inhibit their malignant behaviors
[82]. To achieve maximal therapeutic eﬃcacy, antitumor agents should not only target tumor cells, but also
regulate and normalize the tumor microenvironment to
regress tumor progression. Therapeutic agents that target tumor microenvironment thus represent an avenue
for the development of novel and eﬀective antitumor
therapies. It may become clinically available by using
novel nanomedicines.
2.6.2 Poly(ethylene glycol)-phosphoethanolamine
micelles-based drug delivery system
As mentioned before, nanoparticles for the drug delivery
are another main direction in nanomedicine researches,
for example, the polymer-based nanocarriers [83]. Compared with liposomes, polymer-based micelles have many
advantages at particle size, stability, drug-loading capacity and releasing kinetics which can be modulated
by the structures and physico-chemical properties of the
constituent block copolymers. Wei Liang et al. have developed one-step self-assembly procedure to encapsulate amphiphilic cationic drugs into PEG2000-DSPE micelles. These micelles have shown better antitumor eﬃcacy than the unencapsulated drugs [84, 85].
For cationic drugs (isoelectric points > 7.4) including
doxorubicin hydrochloride (DOX), vinorelbine tartrate
(VNR), topotecan hydrochloride (TPT), their encapsulation eﬃciency are all close to 100%, but anionic gemcitabine hydrochloride (GEM, isoelectric points < 7.4)
could not be incorporated [86]. So, that drugs and poly268

mers have opposite charges in solution may be a major
factor determining successful encapsulation, and isoelectric points of drugs and polymers may be good parameters to predict the encapsulation eﬃciency. Drug-loaded
micelles were spherical with a diameter between 10 and
20 nm, similar to empty micelles [84–86]. Release proﬁles of micelles with high drug loading capability were
diﬀerent from that TPT showed obvious initial burst release, while DOX and VNR were slowly released without
burst release (submitted). These results prompted us to
consider what kind of drugs can be loaded into PEGPE micelles, how the drugs/polymers interactions and
self-assembly process are like. A full understanding of
the fate of block copolymer micelle-based drug formulations in vivo at the whole body, tissue, and cellular levels
has been diﬃcult thus far. For one of the most promising polymers, PEG-PE, used as anticancer drug delivery
carrier, providing a greater understanding of their intracellular distribution and cell interactions would help
shape the design of highly eﬃcient and less toxic carriers
for drug delivery.
They demonstrated that drug loaded PEG-PE micelles
maintained intact form before disassembling and releasing their payloads at the cell membrane. Released agents
are accelerated to enter cells due to the increased membrane ﬂuidity caused by PEG-PE insertion, which did
not aﬀect cell membrane permeability and integrity [87].
Otherwise, PEG-DSPE also enhanced drug uptake by inhibiting p-glycoprotein expression [88]. Encapsulation of
drugs in PEG-PE micelles does not change their intracellular distribution but increases their cellular accumulation. For anti-tumor drugs, higher cellular concentration
could induce stronger cytotoxicity and more cell aptotosis. In vivo investigations reveal that PEG-PE micelles
can extravasate from blood vessels to interstitial tissue
in an intact form, and can eﬃciently deliver chemotherapeutic drugs in a higher drug concentrations in circulatory and in lymphatic systems (submitted), maintaining
in them a sustained high drug concentration to kill the
tumor cells residing there. These investigations provided
new insights into the mechanism of polymer micelle delivering drugs into cells, which are helpful for designing
a true smart delivery system (Fig. 10).
At present, PGE1-loaded PEG-PE micelles have accomplished phase I clinical trials. Tolerance and pharmacokinetics tests were carried out. From clinical trial
results, at the same dose level, PGE1 micelles showed
higher plasma concentration compared to alprostadil injection (Kaishi). This study indicated that PGE1 micelles will have superior therapeutic eﬃcacy to Kaishi
that are generally used in clinic.
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Fig. 10 Schematic illustration of self-assembly of doxorubicin and PEG-PE. Both PEG-PE and doxorubicin are amphiphilic. Upon encapsulation in micelles, the hydrophobic anthracene ring of doxorubicin inserted between the PE phospholipids, with the hydrophilic amino sugar of doxorubicin in the outer shell of the micelle between PEG chains. Antitumor
eﬀect of the micelle-encapsulated doxorubicin (M-Dox) in the Lewis lung carcinoma pulmonary model. Mice were injected
with free doxorubicin (Free Dox) or M-Dox or empty polyethylene glycol – phosphatidylethanolamine (PEG-PE) micelles
as control at day 10 after establishment of tumors. Lungs were harvested at day 24, photograph and survival of mice.

2.7 Nanomaterials and their applications
2.7.1

Molecular nanomagnets

Molecular nanomagnets (MNMs) are the zero or 1D
magnetic systems which can exhibit magnet-like behavior originating from individual molecule. MNM provide a wonderful model for understanding the quantum phenomenon in mesoscopic world and has the potential applications in ultra-high density information
storage, quantum computing and molecular spintronics. MNMs include cluster-based single-molecule magnets (SMM), single-ion magnets (SIM) and single-chain
magnets (SCM). Song Gao et al. at Peking University
have made important contributions to developing new
MNMs. They developed new strategies towards singlechain magnets. For example, they discovered the ﬁrst
homo-spin single-chain magnet in 2003 [89], developed
a new route for stringing cluster-based SMMs to SCMs
with enhanced uniaxial anisotropy [90], constructed and
discovered supramolecular SCMs through spin-canting
and non-covalent interactions [91].
Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)

Based on his continued work on the external ﬁelddependent magnetic relaxation phenomena in some isolated paramagnetic systems [92, 93], Song Gao et al. developed two types of new rare earth single-ion magnets,
Dy(acac)3 L and (Cp*)Er(COT), with high anisotropy
energy barriers and hysteresis (Fig. 11) [94, 95]. “The
discovery of a bona ﬁde organometallic SMM brings the
topic of magnetic bistability to a whole new synthetic

Fig. 11

The Single-Ion Magnet (COT)ErCp*.
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audience. The ﬁeld is now absolutely wide open for new
developments.”
In the ﬁeld of multifunctional molecular magnets, Song
Gao et al. discovered the coexistence of magnetic and
electric orderings in the metal formate frameworks of
[NH4 ][M(HCOO)3 ] (M = Mn, Fe, Co, Ni, and Zn) [96].
In addition, they developed a facile and eﬀective route to
prepare monodisperse magnetic EuS and monodisperse
lanthanide oxysulﬁde nanocrystals by the thermal decomposition of the single molecular precursors under a
ﬂow of nitrogen and air, respectively [97, 98].
2.7.2

Carbon based nanomaterials

Carbon based nanomaterial such as carbon nanotubes
(CNTs) and graphene are excellent candidates for next
generation electronics, arising from their extraordinary performance. Currently, chemical vapor deposition
(CVD) is the major stream for the synthesis of these materials. In the last decade, Zhong-Fan Liu et al. at Peking
University developed a series of CVD growth techniques
featured with designing of novel catalysts as well as engineering of growth process. They focused on structure
control of CNTs through designing of the CVD process.
An important breakthrough is the temperature-mediated
growth of single walled carbon nanotubes (SWNTs) [99].
It was once generally believed that the diameter of CNT
is solely determined by the size of catalyst. However, this
statement is completely refreshed since the modulation
of temperature was found to be capable of tuning the
diameter of SWNT, resulting in the formation of various nanotube junctions. Another contribution of ZhongFan Liu et al. toward conductivity control is the direct
growth of semiconducting nanotube arrays [100], which
is realized through ultraviolet irradiation during the
growth process. The as-grown ratio of semiconducting
nanotubes could be as high as 95%. Besides, he succeeded
in chirality-cloning growth [101] with carbon nanotube
segments as seed-like catalyst. They found that the asgrown nanotube strictly followed the chirality of the seed.
This achievement paved a novel avenue toward growth
of CNTs with identical chirality. Furthermore, diametertuned growth was realized with the aid of opened C60
caps [102]. When served as catalyst, these narrow distributed carbon shells enabled growth of SWNTs arrays
with similar diameter. The designing of carbon catalyst
proposed a novel vapor-solid (VS) growth mechanism.
Graphene, a 2D atomic crystal, has attracted worldwide attention since the ﬁrst sample was exfoliated in
2004 due to its outstanding physical and chemical properties. Challenges to CVD growth of graphene ranged
from thickness control to eﬀective doping. In order to
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face these challenges, Zhong-Fan Liu et al. proposed various means, carried out on both carbon dissolving and
non-dissolving substrates. Firstly, he succeeded in segregation growth of graphene by squeezing residual carbon in the carbon dissolving substrate, including Ni,
Co and Fe [103]. Uniformity of segregated graphene is
greatly improved compared with products from traditional CVD growth. Moreover, nitrogen doped graphene
could be produced by incorporation of boron dopants
into the nickel substrate [104]. In order to improve the
thickness uniformity, binary metal alloy composed was
employed as substrate for graphene growth [105]. In addition to traditional catalyst for hydrocarbons (e.g. Ni),
another metal with stable carbide (e.g. Mo) was also
adopted. During the CVD process, excess carbon was
consequently trapped due to carbide formation, leaving
only monolayer graphene on the surface. For substrate
with negligible carbon solubility (e.g. Cu), growth of
graphene occurred solely on the surface, which is terminated once the surface of catalyst is covered. This
feature makes it challenging to produce epitaxial structures of graphene, which is essential for potential applications. Van de Waals epitaxy technique was thus introduced to solve this problem. With monolayer graphene
as substrate, both topological insulator-graphene heterostructure [106] and bilayer graphene with Bernal
stacking [107] were successfully synthesized. Considering the feature of surface growing, a lateral modulationdoping growth technique was later proposed. This allows for the synthesis of mosaic graphene, a patchwork
of intrinsic and nitrogen doped graphene connected with
single-crystalline junction [108]. It was further proved
that as-grown graphene junction is capable of photocurrent generation, facilitated by photothermoelectric eﬀect
(Fig. 12). In addition, the surface growth feature was
combined with surface steps of substrate during CVD
growth, which ﬁnally leads to large scale synthesis of
graphene nanoribbon arrays [109].
Controllable synthesis of graphene sheets, including
layer number, crystallinity, size, edge structure, spatial orientation, etc., is very crucial for further studies and application. Another controllable synthesis of
graphene sheets has been reported by Hong-Jun Gao
et al. at IOPCAS. It is an epitaxially grown method
to synthesize a large-scale, highly ordered, continuous,
single-crystalline graphene monolayer on Ru(0001) surface [110]. The graphene ﬁlm shows perfect crystallinity,
with good long-range order on the order of millimeters and with no bond breakage, even over the substrate steps. Furthermore, they have developed a method
for silicon-layer intercalation between the graphene and
Ru(0001) surface. The silicon layers signiﬁcantly weaken
Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)
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Fig. 12 (a) Temperature-mediated growth of carbon nanotube. The diameter of the tube increased caused by a temperature drop. (b) Direct growth of semiconducting nanotube arrays. Irradiation of ultraviolet light during growth reduced the
ratio of metallic tubes. (c) Atomic force microscope image of monolayer graphene by segregation growth. (d) Transport
property of segregated nitrogen doped graphene (red), comparing with that of intrinsic graphene (blue). (e) Schematics
of growth mechanism involved in binary metal alloy substrate. (f ) Schematic drawing of van de Waals epitaxy for bilayer
Bernal graphene. (g) Structure of mosaic graphene, with red and blue patches standing for diﬀerent portions.

the interaction of graphene and the metal substrate but
still maintain the graphene’s crystallinity, thus achieving
electronic decoupling from the metal [111]. The thickness
of silicon layer can be atomic controllable for highly doping without the need of chemical doping, which can be
used as a top gate [Fig. 13(a)]. The results have shown
the potential of incorporating graphene-based structures
with Si-based materials and can be very important for future technological progress. Nanolithography technique
is a common approach to realize controllable materials
synthesis at nano levels. Guang-Yu Zhang et al. at IOPCAS developed a self-aligned anisotropic etching method
to fabricate various graphene nanostructures with desired placements, controlled sizes/shapes, such as sub10 nm wide Z-GNRs, graphene superlattices, triangular
graphene islands, etc., and more importantly, with welldeﬁned zigzag edges [Fig. 13(b)] [112]. This approach
opens a gateway to experimentally study the rich properYu-Liang Zhao, et al., Front. Phys., 2014, 9(3)

ties of zigzag-edged graphene nanostructures, and shows
great promise for making future graphene devices or circuits. The metal catalysts in CVD technique play a key
role in controllable synthesis of graphene. Yun-Qi Liu
et al. at ICCAS has introduced a liquid metal catalysts in the CVD process to direct synthesis of uniform
single-layered, large-size (up to 10 000 µm2 ), spatially
self-aligned, and single-crystalline hexagonal graphene
ﬂakes (HGFs) and their continuous ﬁlms [Fig. 13(c)]
[113]. These HGFs show an average 2D resistivity of 609
± 200 Ω and saturation current density of 0.96 ± 0.15
mA/µm, demonstrating their good conductivity and capability for carrying high current density. Their results
constitute a step forward in the growth and assembly of
graphene platelets. Hui-Ming Cheng et al. at Institute
of Metal Research, Chinese Academy of Sciences (IMRCAS) has used Pt catalysts to grow millimeter-sized
hexagonal single-crystal graphene grains and graphene
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Fig. 13 (a) Silicon layer intercalation of centimeter-scale, epitaxially grown monolayer graphene on Ru(0001); (b) Patterning graphene with zigzag edges by self-aligned anisotropic etching; (c) Uniform hexagonal graphene ﬂakes grown on
liquid copper surface; (d) 3D ﬂexible and conductive interconnected graphene networks grown by chemical vapor deposition.

ﬁlms through ambient-pressure CVD process, and proposed a bubbling method to transfer these single
graphene grains and graphene ﬁlms to arbitrary substrate, which is nondestructive not only to graphene,
but also to the Pt substrates [114]. The Pt substrates
can be repeatedly used with almost no limit, and the
graphene obtained on a repeatedly used Pt substrate
has almost the same quality as that obtained originally.
The graphene shows high crystalline quality with the reported lowest wrinkle height of 0.8 nm and a carrier mobility of greater than 7100 cm2 ·V−1 ·s−1 under ambient
conditions. The repeatable growth of graphene with large
single-crystal grains on Pt and its nondestructive transfer
may enable various applications. In addition, they have
also synthesized graphene foams (GFs) with 3D, conductive all-graphene macrostructures by a template-directed
CVD technique using nickel foams as templates [115].
After removing the nickel, they are left with a structure
made of a 3D network of interconnected graphene as the
fast transport channel of charge carriers for high electrical conductivity [Fig. 13(d)]. Using this unique network structure and the outstanding electrical and mechanical properties of GFs, as an example, they have
demonstrated the great potential of GF/poly (dimethyl
siloxane) composites for ﬂexible, foldable and stretchable
conductors. The unique network structure, high speciﬁc
surface area and outstanding electrical and mechanical
properties of GFs and their composites should enable
many applications including high-performance electri272

cally conductive polymer composites, elastic and ﬂexible
conductors, electrode materials for lithium ion batteries
and supercapacitors, thermal management, catalyst and
biomedical supports and so on. They have also demonstrated a thin, lightweight, and ﬂexible lithium ion battery using a 3D ﬂexible and conductive interconnected
GF network as both a highly conductive pathway for
electrons/lithium ions and light current collector [116].
The battery has shown good ﬂexibility, high capacity,
high rate, and long-life cyclic performance even under
repeated bending to a small radius of 5 mm.
Special properties and potential applications of
graphene-based materials have also attracted extensive
attention. Yu-Jie Wei et al. at Institute of Mechanics,
Chinese Academy of Sciences (IMCAS) has deeply studied how defects aﬀect the mechanic properties of 2D
graphene crystal [117]. They found that grain boundary
(GB) defects can either strengthen or weaken graphene,
which relies on the detailed arrangement of the defects,
not just the density of defects. Through both MD simulations and continuum mechanics analysis, the strengths
of tilt GBs increase with the square of their tilt angles
if pentagon–heptagon defects are evenly spaced. In contrast, the trend breaks down if pentagon–heptagon defects are not evenly distributed. They have also found
that mechanical failure always starts from the bond
shared by hexagon–heptagon rings in tilted GBs, not
the bond that is shared by pentagon–heptagon rings
[Fig. 14(a)]. Given that pentagon–heptagon rings are
Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)

REVIEW ARTICLE
one of the most common defects in graphene. Raman
spectroscopy is a very useful tool to study graphene.
Ping-Heng Tan et al. at Institute of Semiconductors,
Chinese Academy of Sciences (ISCAS) has revealed the
interlayer shear mode of few-layer graphene by Raman
[118]. They suggest that the corresponding Raman peak
measures the interlayer coupling, and the similar shear
modes are expected in all 2D layered materials, providing a direct probe of interlayer interactions. Jin Zhang
et al. at Peking University designed a new kind of surface enhanced Raman spectroscopy (SERS) substrate by
introducing plasmonic metal to a graphene layer [119].
Cleaner and more reproducible signals are achieved with
a comparable enhancement factor over normal SERS.
Thermal conductivity is also a very important property
of graphene. Wei-Wei Cai et al. at Xiamen University experimentally studied the isotope eﬀects on the thermal
properties of grapheme [120]. The thermal conductivity,
K, of isotopically pure 12 C (0.01% 13 C) graphene de-

termined by the optothermal Raman technique is higher
than 4000 W·mK−1 at the measured temperature Tm ∼
320 K, and more than twice higher than that composed
of a 50: 50 mixture of 12 C and 13 C. The experimental
results are expected to stimulate further studies aimed
at a better understanding of thermal phenomena in 2D
crystals. The assembly of graphene is also an attractive
issue. Chao Gao et al. at Zhejiang University demonstrated that soluble, chemically oxidized graphene or
graphene oxide sheets can form chiral liquid crystals in
a twist-grain-boundary phase-like model with simultaneous lamellar ordering and long-range helical frustrations
[121]. The highly soluble aqueous graphene oxide liquid
crystals can be readily spun into meters of continuous
and macroscopic ﬁbers [Fig. 14(b)]. After chemical reduction, the integration of high conductivity, excellent mechanical property and unique attributes associated with
graphene makes the ﬁbers highly attractive in many applications such as functional textiles and chemical sens-

Fig. 14 (a) The nature of strength enhancement and weakening by pentagon-heptagon defects in graphene; (b) Macroscopic assembled graphene ﬁbres.

Fig. 15 Diﬀerent types of non-IPR fullerenes stabilized by exohedral dericatization. (a) C50 , (b) C60 , (c) C72 , (d) C54 ,
(e) C56 , (f ) C66 , (g) C68 .
Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)

273

REVIEW ARTICLE
ors. Flexible conducting ﬁlm is one of the most possible applications for graphene in near future. Gao-Quan
Shi et al. at Tsinghua University has reported that
graphene sheets prepared by the reduction of graphene
oxide can be noncovalently functionalized with a watersoluble pyrene derivative, 1-pyrenebutyrate (PB− ), and
the resulting PB− -graphene can be stably dispersed in
water [122]. On the basis of this dispersion, large area
ﬂexible graphene ﬁlms have been successfully prepared
by ﬁltration. The conductivity of the ﬁlm is 7 orders of
magnitude larger than that of the GO precursor.
Among the carbon-based nanomaterials, fullerenes
represent a well-deﬁned type of hollow carbon nanoclusters composed of the strained graphene shells. The isolated pentagon rule (IPR) is widely accepted as a general
rule for determining the stability of all-carbon fullerene
cages consisting of hexagons and pentagons, in which
all the pentagons must be isolated by hexagons. If there
is pentagon fusion existing, the local strain inside the
fullerenes will be dramatically enhanced, resulting in reduction of their stability. Therefore, fullerenes that violate this rule have been thought of as too reactive to
be synthesized because of the presence of the fused pentagons. From 2003 to present, Lan-Sun Zheng et al. at
Xiamen University have successfully established a novel
and general strategy to stabilize the non-IPR fullerenes,
namely exohedral derivatization [123]. As shown in Fig.
15, a series of small non-IPR fullerenes including C50
[124–126], C60 [127], C72 [128], C54 , C56 , C66 [129], and
C68 [130] have been achieved via stabilization with different numbers of chlorine atoms. This stabilization of
the non-IPR fullerene derivatives is accounted for by the
“strain-relief principle” resulting from the rehybridization from sp2 to sp3 carbon atoms, as well as the “local
aromaticity principle”. The derivatization process with
chlorine atoms could give rise to the maintenance of
the local aromaticity of the un-derivatized sp2 carbon
skeleton. The experimental availability of these unprecedented non-IPR fullerenes provides many new materials
and creative opportunities. Although the chemistry and
physics inside the non-IPR fullerenes are still in their infancy, the scientiﬁc curiosity of designing and fabricating
these nanocluster materials and the realistic requirement
of ﬁnding unique properties and application potentials
promise them a bright future.
2.7.3

Rare earth nanomaterials and fabrication

The rare earth (RE) nanomaterials, which are composed of the lanthanide (Ln) series (from lanthanum
to lutetium), yttrium and scandium, can exhibit the
sharp ﬂuorescent emission via intra-4f or 4f –5d transi274

tions with abundant f -orbital conﬁgurations. Compared
to conventional luminescent materials such as organic
ﬂuorescent dyes and inorganic quantum dots (QDs), the
RE nanomaterials show unique features including narrow emission band widths (<10 nm), long luminescence
lifetime (µs–ms range) and low long-term toxicity.
A variety of chemical techniques, including coprecipitation, thermal decomposition, hydrothermal synthesis, sol-gel processing and combustion synthesis, have
been developed to synthesize RE nanocrystals. Some
standard methods have been established to obtain RE
nanocrystals with tailored crystal sizes, shapes, surface functionalization, chemical composition and optical properties. The excellent work to date for synthesizing RE nanocrystals have been made by many research
groups, e.g. Ya-Dong Li, Chun-Hua Yan, Hong-Jie Zhang
et al. [131–133], as shown in Fig. 16.
Controllable synthesis of nanostructured RE presents
the opportunities for fabrication of the catalytic materials with desirable features because these nanomaterials
have tunable sizes and speciﬁc exposed crystal facets.
Ya-Dong Li et al. focused in the area of controllable
synthesis, assembly, structure, and properties of inorganic nanomaterials over the past decades. They have
developed a liquid–solid–solution (LSS) phase transfer
and separation strategy for nanocrystal synthesis [134,
135]. In this approach, a water/ethanol mixed solution
is used as the main continuous solution phase. Long
chain alkyl surfactants like octadecylamine or oleic acid
can be used as protecting reagents for the nanocrystals.
With this general synthetic procedure, a huge group of
monodisperse nanocrystals with sizes in the range of 2–15
nm, which have quite diﬀerent crystal structures, compositions and properties, have been obtained, including noble metals (Ag, Au, Pd, Pt, Ru, Rh, Ir), magnetic/dielectric (Fe3 O4 , CoFe2 O4 , MnFe2 O4 , ZnFe2 O4 ,
BaTiO3 , SrTiO3 , etc.), semiconductors (PbS, Ag2 S,
CdS, ZnS, ZnSe, CdSe, TiO2 , ZrO2 , CuO), rare earth
ﬂuorescent (NaYF4 , YF3 , LnF3 , Ln(OH)3 ), biomedical (Ca10 (PO4 )6 (OH)2 , CaCO3 ), and other monodisperse organic optoelectronic semiconductors (Metal Phthalocyanine), and conducting polymers (PPy and PAn)
nanoparticles etc. All these functional nanocrystals obtained through this LSS approach will provide the building blocks for the bottom-up approach to nanoscale fabrication in nanosciences and nanotechnologies.
Besides, they have developed a noble-metal-inducedreduction (NMIR) strategy for bimetallic nanocrystal
synthesis [136–139]. In this eﬀective general and convenient synthetic system, octadecylamine (ODA) was selected to serve simultaneously as solvent, surfactant and
reducing agent. When noble-metal ions (Au3+ , Pd2+ ,
Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)
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Fig. 16 Typical TEM images of RE nanocrystals (a) NaYF4 :Tb, (b,c) NaYF4 :Eu, (d-f ) NaYF4 :Yb-Er, (g) LaF3 , (h)
YF3, (i) YbF3 , (j) LaVO4 :Eu, (k) YBO3 :Eu, and (l) YPO4 ·0.8H2 O.

Pt4+ , Ir3+ , Ru3+ , Rh3+ , etc.) and non-noble metal ions
(Fe3+ , Co2+ , Ni2+ , Cu2+ , Zn2+ , Cd2+ , In3+ , Sn2+ , etc.)
coexisted in this system, alloys of noble and non-noble
metals could be obtained under controlled conditions.
They introduced eﬀective electronegativity (χeﬀective )
for alloys and regarded them as artiﬁcial metal atoms
(AMA) which should have the ability to attract electrons to themselves just as single metal atoms do. According to the electronegativity of alloys, a large variety of nanocrystalline intermetallics and alloys with controllable composition, structure, size, and morphology
have been successfully synthesized. It is believed that
the developed methodology for alloys is of great signiﬁcance in exploiting low-cost and high-eﬃciency bimetallic nanocatalysts.
Furthermore, in the ﬁeld of nanocatalysis, it still remains a great challenge to fully understand the relationship between the catalytic properties (activity, selectivity, and durability) of nanocrystals with their structural
characteristics in varied types of reactions. Recognizing
the regularity of nanocatalysis and revealing its physical and chemical nature are signiﬁcant basic issues in
catalytic science and technology. According to these basic scientiﬁc issues, Ya-Dong Li et al. have carried out
systematic research work. They proposed the concept
of crystal facet-dependent catalytic properties of metal
oxide nanocatalysts [140], explained the relationship beYu-Liang Zhao, et al., Front. Phys., 2014, 9(3)

tween surface defects/oxygen vacancies and the catalytic
performance [141], designed supported metal nanocatalysts with novel structures that could relieve the aggregation and detachment of metals [142], comprehended
the catalytic mechanism of metal nanoparticles, and investigated the inﬂuence of composition, size, morphology, surface atomic arrangement, and surface capping
agents of bimetallic nanocatalysts on their catalytic activity, selectivity, and durability (Fig. 17) [143]. In their
future work, they will try their best to understand the
nature of nanocatalysis in the view of chemical bond and
atomic/molecular orbital.

Fig. 17 The structure-property dependence of Pt-Ni nanocrystals in model hydrogenation reactions.

Fabrication of nanomaterial assemblies is an emerging
research direction. Currently, the scientists’ capability
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to assemble nanomaterials is only limited to constructed
simple 1D, 2D and 3D structures by taking advantage of
diﬀerent interactions between nanomaterials. Recently,
more scientiﬁc attentions have been switched from simple to advanced nanomaterial assemblies. For example,
Zhi-Yong Tang et al. at NCNST found that diﬀerent
types of polydisperse nanoparticles of the size distribution in the range of 20%–30% could self-assembly into
monodispersed supraparticles (size distribution is less
than 10%) with well-deﬁned core/shell structures (Fig.
18) [144]. This self-limiting growth process is governed
by a balance between electrostatic repulsion and van der
Waals attraction. The generic nature of the interactions
creates ﬂexibility in the composition, size and shape of
the constituent nanoparticles, and leads to a large family of self-assembled structures, including hierarchically
organized colloidal crystals. In addition to opening the
door for fabrication of functional complex nanomaterials,
this study can help us to deep understand the formation
mechanisms of many organic superstructures, including
monodisperse virus particles and polymers.

Fig. 18 Scheme of monodisperse supraparticles of diﬀerent geometries and structures.

2.7.4

Energy nanomaterials

The development of aﬀordable, inexhaustible and clean
energy technologies will have huge longer-term beneﬁts. Solar energy, as an alternative to fossil fuels, given
its abundance, safety, renewability, and cleanliness, is a
promising answer to the global energy crisis. The CAS
has launched an initiative to boost the development of
solar energy technology since 2008. The initiative motivates the experts to make an action plan and to set up a
platform to support the research in solar energy utilization.
276

As a low-cost photovoltaic technology, organic photovoltaics (OPVs) have been produced by spin-coating
or printing techniques [145–147]. By synthesizing new
molecules and controlling nanostructures of the active
layers, the power conversion eﬃciency of OPVs can
now exceed 9% [148, 149]. During past ﬁve years, domestic scientists have made substantial progress in this
area. The research is mainly focused on synthesis of
new narrow bandgap donor material, including small
molecular and polymer donors, and fullerene or nonfullerene acceptors, modiﬁcation of interface, and control of ﬁlm morphology. For instance, Yong-Fang Li and
Jian-Hui Hou et al. reported a series of donor-acceptor
type polymers with eﬃciencies greater than 7% by using two dimensional derivatives as building blocks [150].
They also reported a new fullerene derivative, indeneC60 bisadduct (ICBA) with a high eﬃciency of 7.40%
[151, 152]. Yong Cao and Hong-Bin Wu et al. successfully demonstrated that simultaneous enhancement in
the open circuit voltage, short circuit current density,
and ﬁll factor could be achieved in OPVs by simply incorporating a thin layer of alcohol/water-soluble polymer
as the cathode interlayer, resulting in an eﬃciency up to
9.2% [149, 153]. On the other hand, dye sensitized solar cell (DSSC) is a photoelectrochemical system based
on a porous layer of semiconductor nanoparticles covered
with organic dyes. In the past years, domestic researchers
have made great contribution to the fast development of
this ﬁeld. Peng Wang et al. produced an iodine-free dyesensitized solar cell exhibiting an unprecedented power
conversion eﬃciency of 9.4% [154]. Dan Wang et al. synthesized multi-shelled ZnO hollow microspheres as photo
anode for DSSCs to improve the eﬃciency of DSSC [155].
As an alternative process of photovoltaic, artiﬁcial
photosynthesis that splits to generate H2 and O2 has
also attracted enormous attention as a potential means
for the large scale production of H2 from water using
abundant solar light. Jian-Ru Gong et al. reported that
a high eﬃciency of the photocatalytic H2 production was
achieved using graphene nanosheets decorated with semiconductor nanoparticles as visible-light-driven photocatalysts [156, 157]. The high photocatalytic H2 -production
activity is attributed predominantly to the presence of
graphene, which serves as an electron collector and transporter to eﬃciently lengthen the lifetime of the photo
generated charge carriers from semiconductor nanoparticles.
Among the clean energy technologies, energy storage
is a key part for the eﬃcient usage of the harvested energy. Lithium-ion batteries (LIBs) are the most widely
used energy storage technology with the advantage of
high voltage, high speciﬁc energy and long cycle life.
Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)
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China began the study of LIB at 1980s and much outstanding work has been made. For instance, cathode is
one of the key materials and restricts the speciﬁc energy
of LIB among the component of LIBs. To improve the
performance of electrode materials, Yu-Guo Guo et al.
proposed to incorporate hierarchical carbon network to
improve the performance of electrode materials. Because
nanocarbon network can aﬀord eﬃcient electron pathway and alleviate stress and volume changes, therefore
both kinetic performance and structural stability can be
improved [158]. Yong Yang et al. synthesized nanostructured Li2 FeSiO4 through a hydrothermal-assisted sol-gel
process [159]. The Li2 FeSiO4 electrode shows a discharge
capacity of 160 mAh·g−1 at C/16 rate, which is of the
top international level. On the other hand, some new
kinds of anode materials are studied and new strategies are proposed. A series of anode materials with enhanced rate capability and cycling stability were produced by a compositing strategy, including CNT@TiO2
coaxial nanocables [160], SnO2 nanocrystals graphene
(SnO2 -G) composite [161] and Ge@C core-shell nanostructures and reduced graphene oxide nanocomposite
(Ge@C/RGO) [162]. Zhao-Wu Tian et al. proposed a
new carbon-coating technique for electrode materials using nitrogen-containing ionic liquids as precursor [163].
The porous Li4 Ti5 O12 uniformly coated with N-doped
carbon showed high rate capability and excellent cycling
stability. Moreover, the study of mechanism of lithium
ions storage in materials is essential to deeply understanding the principle and researching on new materials. Hong Li and coworkers have used an annular-brightﬁeld scanning transmission electron microscopy to image lithium atoms directly in cathode materials LiFePO4
[164]. It was found that in partially delithiated LiFePO4
the remaining lithium ions preferably occupy every second layer. This result challenges previously proposed
LiFePO4 /FePO4 two-phase separation mechanisms.
As an energy storage device with high power density,
long cycling life and high reliability, supercapacitor has
received growing interest. Carbon material is one kind
of supercapacitor materials that is studied most widely.
As described previously, Hui-Ming Cheng et al. designed a 3D periodic hierarchical porous graphitic carbon
(HPGC) that combines macropores, mesoporous walls,
and micropores [165]. Macropores act as ion-buﬀering
reservoirs; mesoporous walls provide low-resistant pathways for ions; and micropores strengthen the electricdouble-layer capacitance. This new material exhibits
high energy and power density. Some transition metal
oxides exhibit excellent properties as pseudocapacitive
electrode material. Lian Gao et al. prepared a manganese
dioxide/multi-walled carbon nanotubecomposite by an
Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)

in-situ coating technique. It exhibited a speciﬁc capacitance of 250 F·g−1 [166]. Conducting polymers is another
importance candidate for electrode materials with a very
high theoretical capacitance. Conducting polymers have
been used to prepare composite materials with excellent
performance by combining their high capacitance and
high cycling stability of carbon materials [167].
2.7.5

Environmental nanomaterials

Environmental pollutions have been increasing threats
for China’s sustainable growth. Perpetual organic pollutants (POPs), heavy metal species in industrial waste
and heavy metal ions in drinking water are three of the
most serious issues, causing discomfort, sickness, and
even mutations. Nanomaterial based techniques are considered the best solutions to abate the threat from these
pollutants.
Jin-Cai Zhao et al. at ICCAS developed a TiO2 based
technique, by which many organic dye pollutants could
be directly degraded under visible light irradiation, while
other more stable organic pollutants could be degraded
by co-feeding dye pollutants, which acted as visible light
carriers [168]. They developed band gap modiﬁcation
technique as well as facet control technique to modify
the TiO2 catalyst. Modifying the TiO2 surface further
enhanced the separation of photo generated charges for
higher eﬃciency on degradation of organic pollutants. Efﬁcient use of sunlight is the bright spot of this technique
[169]. A trial unit has been built by ICCAS researchers
for sunlight based degrading of organic pollutants, as
shown in Fig. 19(a).
In addition to practical sunlight based devices, Jin-Cai
Zhao et al. also elucidated the mechanism of photo degradation. With the help of isotopic labeling using 18 Olabeled oxygen and water, they were able to pinpoint
how oxygen atoms from the green oxidant were inserted
into the hydroxyl group in the intermediate species and
in the ﬁnal product [169].
Toxic heavy metal ions such as arsenate, mercury and
lead ions have been a health threat to millions of residents in China, whose drinking water sources are contaminated by these ions through either industrial emissions or natural causes. Among several practical techniques, adsorption technique is a convenient method to
provide safe drinking water. Wei-Guo Song et al. at ICCAS developed a series of nano structured adsorbents,
including iron oxide, basic aluminum carbonate, magnesium oxide, etc., which exhibited outstanding adsorption
capacities against heavy metal ions in water. The mechanism behind the selective adsorption was also elucidated
by synchrotron beam line based spectroscopic techniqu277
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Fig. 19 (a) A trial unit for degrading organic pollutant by sun light; (b) A trial unit to remove arsenate in drink water
using combined ﬂocculation and adsorption technique; and (c) A trial unit to remove Cr (VI) from industrial waste by
phase transformation.

es, by which the ion exchange between arsenate ions and
surface hydroxyl groups on iron oxide [170] or carbonate
groups on basic aluminum carbonate [171], and ion exchange between lead ion with surface magnesium cation
[172] were conﬁrmed.
Nanomaterial based adsorption technique can be coupled with ﬂocculation technique to achieve best results.
Flocculation technique, especially that using nanosized
ﬂocculation agent such as Al13 , can readily remove most
of the heavy metal ions while nanostructured adsorbents
can further reduce the heavy metal ion concentration below safe limit. In a recent trial, Chinese researchers from
ICCAS and Research Center for Eco-Environmental Sciences, CAS built a combined trial unit [Fig. 19(b)], by
which the arsenate concentration was reduced from 110
ppb to 2 ppb.
Solving heavy metal species problems arising from the
industrial waste is, however, another technical challenge.
For example, the chlorinate industry in China is producing thousands tons of Cr (VI) containing wastes, which
is a nasty viscous solid with high Cr (VI) concentration. The diﬃculty to remove the Cr (VI) is due to
the presence of nanoscale Mg(OH)2 , which is the main
component of the waste. The nano size eﬀect of nano
sized Mg(OH)2 lead to strong binding of CrO2−
4 to the
Mg(OH)2 surface. This is indeed an undesirable eﬀect
of nanomaterials. Thus a rational approach is to reverse
the nano size eﬀect by increasing the size of Mg(OH)2 to
promote the desorption of CrO2−
4 .
Zhang Lin et al. at Fuzhou Institute of Material Structure, CAS, followed the above approach. They developed an interfacial maneuvering technique to promote
fast growth of nano sized Mg(OH)2 particles. With CO2
as modiﬁer, the nano size Mg(OH)2 particles suspended
in water were ﬁrst induced to aggregate and then grow
into large micron sized particles, as the following:
Mg(OH)2 → Mg5 (CO3 )4 (OH)2 · 4H2 O
→ Na2 Mg(CO3 )2
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(3)

The above phase transformation was fast and reversible. More importantly, with the formation of mianions were
cron sized MgCO3 ·3H2 O particles, CrO2−
4
released from the original solid Mg(OH)2 nanoparticles,
allowing them to be separated from the solid waste [173,
174]. Newly formed Na2 Mg(CO3 )2 particles were free of
contaminate and could be transformed to nano
CrO2−
4
sized Mg(OH)2 as a valuable chemical product [174, 175].
Such technique was successfully applied in a plant in Fujian province of China [Fig. 19(c)] for CrO2−
4 waste treatment.
2.8 Nanotechnology for analytical sciences
Electrochemical analysis: Nanomaterials are widely
applied in electroanalytical investigations and have good
potentials for constructing electrochemical sensing platforms with high sensitivity and selectivity based on
diﬀerent analytical strategies. Electroanalytical analysis
based on nanoscience combines characteristics of electrochemistry (e.g., simplicity, speed, high selectivity and
high sensitivity) with unique properties of nanomaterials (e.g., electronic, optical, magnetic and catalytic) to
become one of the most exciting areas. In order to improve the sensitivity of electrochemical analysis, our scientists reported a series of metal-based hybrid functional
nanomaterials for constructing enhanced electrochemical sensing platforms for detecting diﬀerent molecules
[176, 177]. These typical hybrid nanomaterials include
CNT/silica coaxial nanocable supported Au/Pt hybrid
nanoparticles, polyaniline nanoﬁber/high-density Pt hybrid nanoparticles, graphene/Pt or Au hybrid nanoparticles and high-density Au/Pt hybrid nanoparticles supported on TiO2 nanospheres [178].
Graphene nanosheet shows unique electronic, optical, magnetic, thermal and mechanical properties arising
from its 2D structure and has many important technical
applications. Our electrochemical scientists have taken
advantage of the advanced electronic property of this material in electrochemical analysis [179]. The direct elecYu-Liang Zhao, et al., Front. Phys., 2014, 9(3)
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tron transfer (DET) from redox protein to the electrode
surface is an important subject in bioelectrochemistry, so
graphene nanosheet and its hybrids have been useful in
constructing biosensors with proteins. Due to its excellent electrochemical characteristics, graphene nanosheet
can be used to carry out immunoassays, small molecule
detection, and ions analysis [180, 181]. Thus, the detection system based on graphene nanosheet will be a
promising candidate for the sensing device ﬁeld in the
future.
Chromatography and mass spectroscopy with
nanomaterials: Proteomic analysis is challenging because of its relatively large population, wide dynamic
range, varieties of complexes, and continuous change
with time and space. Nanomaterials can enhance the efﬁcient proteolysis of low-level proteins and enable more
proteins to be analyzed in a complex biological sample
[182]. In proteome research, rapid and eﬀective separation strategies are essential for successful protein identiﬁcation due to the broad dynamic range of proteins in
biological samples. New methods have been developed
to carry out proteomic analysis with mass spectrometric analysis. As a novel chromatographic carrier for proteins, nanozeolite has attracted considerable attention
due to its large external surface area, high dispersibility
in both aqueous and organic solutions, and tunable surface properties. These properties make them promising
candidates for the enrichment of trace peptides/proteins
[183]. For diﬀerent peptides, nanozeolites appear not to
have apparent discrimination. Meanwhile, all kinds of
nanomaterials have been applied in mass spectrometry
for enrichment of low-abundance peptides/proteins, such
as gold nanoparticles, carbon-derivative nanoparticles,
polymers mixed with nanoparticles, and mesoporous materials [184, 185].
Spectrum analysis with nanomaterials: Spectrum analysis is one of the most popular methods to
do assays based on its wonderful sensitivity, convenient
signal output, low signal-to-noise ratio, easy operation
and so on. UV-vis spectra, ﬂuorescence, SERS (SurfaceEnhanced Raman Scattering), and SPR (Surface Plasmon Resonance) have been widely applied in chemical
and biological analytic areas.
Fluorescent spectrum detection methods are still the
predominantly employed detection technologies because
of the commercial availability of a wide spectrum of
ﬂuorophores, the ease of ﬂuorescent labeling, and the
inherent capability for real-time detection. Fluorescent
nanoparticles, typical CdSe, CdTe, ZnS etc., exhibit
composition- and size-tunable ﬂuorescence throughout
the visible to near-infrared range and also provide a relatively high quantum yield and robust stability against
Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)

photobleaching. Other ﬂuorescent nanomaterials are also
developed vigorously, such as silicon nanoparticles, carbon nanodots, and gold nanoclusters, which have recently been emphasized in analytical areas because of
the tunable ﬂuorescence emission, excellent photostability, biocompatibility and low cytotoxicity [186, 187].
Gold nanoparticles (AuNPs) used as a colorimetric reporter rely on their unique SPR property, which causes
color changes that result from both scattering and electronic dipole–dipole coupling between neighboring particles. So many kinds of colorimetric detection systems
based on AuNPs have been developed and applied in real
sample analysis. Signiﬁcant progresses in the application
of AuNPs have been made in chemical and biological
analysis [188, 189].
2.9 Nano EHS
With a growing number of innovations in the ﬁelds
of nanotechnology, engineered nanomaterials with novel
physicochemical properties are posing novel challenges
in understanding the full spectrum of interactions at the
nano-bio interface, including their toxicological aspects.
Researchers in Chinese Academy of Sciences proposed
and initiated toxicological research of engineered nanomaterials in 2001. Since then, Yu-Liang Zhao and ChunYing Chen et al. have systematically investigated toxicity properties and their health eﬀects of twelve kinds of
engineered nanomaterials including carbon-based nanomaterials, metals and metal oxide nanomaterials, semiconductivity nanomaterials and so on, at diﬀerent biological levels from cells, tissue, organs to the whole body
animals [190–193]. The results disclosed the ability of
nanoparticles to cross the biological barriers [194] and
enter into the cells and the body. For traditional matter or molecules, nanosize, nanosurface or shape are not
the main factors that dominate the important biological
processes of cellular uptake. Yu-Liang Zhao et al. studied
the fate, absorption, distribution, metabolism, excretion
and toxicity (ADME/Tox) of metallic (Au, Ag, Fe, Zn,
CdSe QDs etc.), metal oxides (TiO2 , SiO2 , ZnO, Fe2 O3 ,
Fe3 O4 NPs) based on animal models [190–196]. They
found that the size and shape of these nanoparticles always inﬂuences the abilities of the NPs on penetrating
the biological barriers such as cellular membrane, bloodbrain barrier, alveolar-capillary barrier, etc. For example, nanosized copper particles induced gravely toxicological eﬀects and heavy injuries on kidney, liver and
spleen of experimental mice, but on a mass basis microcopper particles did not. Nanosurface is another important factor dominating the toxicity of nanomaterials. For
example, protein adsorption of nanoparticles in vivo or in
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vitro is an important factor that could change their cellular uptake processes. Because of their huge speciﬁc surface area, nanomaterials easily adsorb proteins and small
molecules onto their surface, which not only changes the
surface features but also aﬀects their toxicity. Protein
adsorption induces dynamic changes at the surface during the interaction process. Recently, Yu-Liang Zhao et
al. revealed the interaction processes between SWCNTs
and human blood proteins, ﬁbrinogen, immunoglobulin,
albumin, transferrin, and ferritin, using both experimental and theoretical approaches [195, 196]. They found
proteins bound to the SWCNT surface with diﬀerent
adsorption capacities and packing modes. More importantly, the competitive binding of blood proteins on the
SWCNT surface could greatly alter their cellular interaction pathways and result in much reduced cytotoxicity
(Fig. 20). Rapid adsorption of serum protein to the surface of gold nanostructure can also facilitate their cellular
uptake and to reduce their cytotoxicity [197, 198].

Fig. 20 The competitive binding of blood proteins on the
SWCNT surface could greatly alter their cellular interaction pathways and reduce the cytotoxicity of SWCNT.

The origin of toxicity of carbon nanotubes (CNTs)
was an open question for a decade and caused worldwide debates on the toxicity and safety issue of CNTs
due to the presence of metallic impurities. In addition,
the actual desired performance of CNT-based electronics devices can be also largely interfered by these impurities. All these require a reliably advanced quantiﬁcation method to determine the content of metals in CNTs
materials. To this end, Yu-Liang Zhao and Chun-Ying
Chen et al. successfully established an absolute quantiﬁcation methodology which can quantify the contribution of metal residues and ﬁber structure to the toxicity
of CNTs [195] Signiﬁcant quantities of metal particles
could be mobilized from CNTs into surrounding ﬂuids,
depending on the properties and constituent of biological
microenvironment, as well as the properties of metal particles. Cell viability is highly dependent on the amount of
metal residues and iron in particular but not tube structure. The quantitative analytical method they developed
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for catalytic metal residues in CNTs has been authorized as the international standard by ISO and IEC, and
adopted by their member countries. Moreover, the quantitative nanotoxicity in vivo is another signiﬁcant contribution Yu-Liang Zhao’s group has made for the ﬁeld, for
example, quantitative detection and non-invasive analyses of nanomaterials in vitro and in vivo [199–201]. These
ﬁndings are crucial for the design of safe nanomaterials,
allowing comprehensive preconsideration of nanomaterial impacts on human health during the development of
applications of nanotechnologies.

3 Perspectives
In the past decade, we have witnessed the fast development of nanosciences worldwide. We highlighted
some progresses of recently fast evolving nanotechnologies in China, most of which we selected in this article showed great potentials in applications. For example, green printing nanotechnology has shown promising
prospects in print industry. This new generation printing technique greatly simpliﬁes complicated preparation
processes of traditional photolithography method, and
signiﬁcantly prevents discharge of chemical pollutant. It
is considered to lead the print industry into a new age
of greenization and digitalization. Further application of
the green printing technology in other industrial sectors
such as building and construction materials, green textiles and printed circuit board (PCB) are developed. All
these ﬁelds will substantially reduce the pollution problems or energy consumption. To accomplish these, diﬀerent functional inks and corresponding surfaces have to
be developed, which require in-depth knowledge on the
surface science, speciﬁcally surface wetting and stability of colloidal nanoparticles. For nanophotonic devices
based on surface plasmons, the device functions need to
be further optimized by employing materials with speciﬁc properties and by developing new device fabrication schemes. For plasmonic sensing relying on the electromagnetic ﬁeld enhancement, the development of substrates with pronounced performances and low cost will
be essential for promoting its commercial applications.
The development of plasmonics has also attracted the attention of scientists outside of the ﬁeld, who realized the
outstanding properties of surface plasmons being valuable for enhancing the eﬃciency of optical signal generation and detection, for example, SP-enhanced nonlinear optical processes and SP-enhanced photodetection
in graphene devices. Nanomedicine is another fast evolving area which has potentials to address very complicated problems in therapeutics of human diseases like
Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)
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cancer and infection. However, great challenges for clinical nanomedicine development remain, such as discovery
of novel nanomedicine by designs, controllable delivery
of drugs to the right place without causing side-eﬀects or
inducing drug-resistance, large scale production of manufactured nanoparticles (carriers) with an adequate quality control, translational researches, understanding of the
fates of nano carriers in vivo, etc.
More and more inspiring progresses in graphene have
been reported since its discovery, in which Chinese researchers have made huge contributions. However, there
is still a very long way to realize industrial applications of
graphene due to its high cost and structural defects. On
nanomaterials, the next research focus should be how to
use these nanomaterials in diﬀerent ﬁelds including energy, environment and medicines. Challenges needing to
be overcome include decreasing the production cost of
nanomaterials and maintaining the unique properties of
nanomaterials during industrial applications. Nanotechnologies for energy conversion and storage will keep as
one of the hottest topics in China.
Energy-related nanotechnologies play key roles in
clean energy area from basic research to application research, aiming to solve the problems for the large-scale
applications of clean energy, such as increasing the capacitance of lithium ion batteries and the eﬃciency of
solar cells. In the long term, nanotechnologies will put to
full use the next generation energy conversion and storage techniques with high eﬃciency, low cost and even
ﬂexible characteristics. Environmental nanotechnologies
are newly emerging area in China. For organic pollutants, catalytic degrading is the ideal route, while for
inorganic pollutants, removing them from the environment is perhaps the most practical route. Nanomaterials will be ideal answers for abating both kinds of environmental pollutions. To fully exploit the advantages of
nanomaterials in environmental issues, we need to work
on the following three fronts: deep understanding of the
mechanism of degrading or adsorption; precise and large
quantity production of desired nanomaterials at low cost;
devices designed for nanomaterials for speciﬁc purpose,
i.e., reactor for catalytic degrading, vessels for adsorption
and desoprtion.
Analytical science plays an important role in all above
areas such as clinical diagnostics, environmental analysis,
biochemistry and materials analysis. Modern analytical
science aims to pursue the properties of simplicity, speed,
selectivity, sensitivity, accuracy, and low costs. Nanomaterials and technologies bring new functions into analytical sensing systems and have made many progresses,
such as electrochemical analysis, chromatographic analysis, mass spectrometric analysis, spectrum analysis, and
Yu-Liang Zhao, et al., Front. Phys., 2014, 9(3)

biochemical sensing and analysis. The development of
analytical science should keep close pace and be integrated with the progress of nanotechnologies with the
aid of chemists, physicists, biologists and materials scientists.
In China, we will continue our eﬀorts on important research directions of nanotechnology, such as,
the controllable fabrication, nano catalysis for chemical industries, bio-inspired nanotechnology in applications, green printing nanotechnology, nano plasmonics,
novel nanomedicine, drug delivery system, nanomaterials
and their applications, molecular nanomagnets, carbonbased nanomaterials, rare earth nanomaterials, energy
nanomaterials, environmental nanomaterials, nanotechnology for analytical sciences, and nano EHS. As we
know, nano-standardization is crucial for quality control
and to alleviating safety concerns about nanomaterials
and nanotechnologies, thus nano-standardization development will have a high priority.
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