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In the past decade, lithium-ion (Li-ion) batteries have been
considered as one of the viable alternative technologies for
applications such as electrical vehicles and grid energy stor-
age for renewable energies (e.g., solar and wind) due to their
high energy density and long cycle life. Recent nanotechnol-
ogy has acted as the positive catalysts for the development
of advanced electrode materials for high-performance Li-ion
batteries. In this issue, some typical electrode nanomaterials
have been reviewed and discussed.

The paper “Graphene-based composites as cathode mate-
rials for lithium ion batteries” by L. Chen et al. reviews
the recent advances in graphene-based composites and their
application as cathode materials for Li-ion batteries. They
focus on the synthesis methods of graphene-based compos-
ites and their superior electrochemical performance in Li-ion
batteries.

In the paper “A review on the synthesis of manganese oxide
nanomaterials and their applications on lithium-ion batteries”
by X. Liu et al., the authors briefly review the recent devel-
opment of manganese oxide nanomaterials. They present
two important viewpoints: (i) simple and effective methods
should be explored for the synthesis of manganese oxide
nanomaterials with high surface areas and good dispersity in
the future; (ii) the electrochemical mechanism of manganese
oxide nanomaterials should be deeply understood.

The paper “3D self-supported nanoarchitectured arrays
electrodes for lithium-ion batteries” by X. Chen reviews recent
advances in the strategies for the fabrication, selection of the

different current collector substrates, and structural config-
uration of three-dimensional self-supported nanoarchitec-
tured arrays electrodes with different cathode and anode
materials. It also discussed the intrinsic relationship of the
unique structural characters, the conductive substrates, and
electrochemical kinetic properties of three-dimensional self-
supported nanoarchitectured arrays electrodes. In addition,
It highlights the future design trends and directions of
three-dimensional self-supported nanoarchitectured arrays
electrodes for future advanced Li-ion batteries.

In conclusion, Li-ion batteries, as one of the most prom-
ising electrochemical energy storage technologies, will play a
significant role in many applications. To further improve the
energy density and cycle life, electrodes based on nanotech-
nologies (e.g., nanostructure, nanofabrication, and nanof-
ramework) are believed to be the most promising strategy. To
achieve these, newmethods to synthesize nanomaterials need
to be explored, in-depth understanding of the electrochemi-
cal phenomena in nanoscale needs to be enhanced, and new
tools to characterize nanomaterials need to be developed.
With the successful development of high energy density, long
cycle life Li-ion batteries, our society will become efficient
and sustainable.

Jianmin Ma
Yongzhu Fu

Bo Yu
Jun Zhang
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Metal-organic frameworks (MOFs), also known as hybrid inorganic-organic materials, represent an emerging class of materials
that have attracted the imagination of solid-state chemists because MOFs combine unprecedented levels of porosity with a range of
other functional properties that occur through the metal moiety and/or the organic ligand. The purpose of this critical review is to
give a representative and comprehensive overview of the arising developments in the field of functional metal-organic frameworks,
including luminescence, magnetism, and porosity through presenting examples. This review will be of interest to researchers and
synthetic chemists attempting to design multifunctional MOFs.

1. Introduction

Metal organic frameworks (MOFs) are a new class of crys-
talline materials [1], the structures of which are composed of
metal-oxide units or metal ions joined by organic link-
ers through strong covalent bonds. It may be defined as
supramolecular solids but consists of strong bonding provid-
ing robustness, linking units that are available for modifica-
tion by organic synthesis, and a geometrically well-defined
structure.The latter property further implies that these solids
should be highly crystalline. Specifically, the chemistry of
MOFs has provided an extensive class of crystalline materials
with high stability, tunablemetrics, organic functionality, and
porosity.

An extensive body of research results [2] currently exists
from the synthesis of metal-organic frameworks (MOFs), an
area that has attracted widespread attention due to the facility
with which well-defined molecular building blocks can be
assembled into periodic frameworks and the promise that
such a process holds for the logical design of materials. The
synthesis ofMOFs generally involves the copolymerization of
organic links and metal ions in a polar solvent under mild
temperatures (up to 200∘C) and autogenous pressures (up to

100 atm). Since most products can be considered kinetically
driven and lie on local thermodynamic minima, factors such
as solubility of the organic link andmetal salt, solvent polarity,
ionic strength of the medium, temperature, and pressure
play critical roles in determining the character of products.
Indeed, slight perturbations in synthetic parameters have
been the basis for the preparation of what seems to be a flood
of new MOF compounds.

The designed construction of extended metal-organic
frameworks from soluble molecular building blocks rep-
resent one of the most challenging issues facing synthetic
chemistry today. Also metal-organic frameworks (MOFs)
are widely studied because of their potential applications
in many areas such as luminescence, magnetism, hydrogen
storage, and gas adsorption and separation. We will give a
representative and comprehensive overview of the arising
developments of the functional MOFs.

2. Luminescent Metal-Organic Frameworks

The luminescent properties of metal-organic frameworks
(MOFs) have attracted much attention for a long time,



2 Journal of Nanomaterials

𝑥 𝑦𝑧

Figure 1: Framework of the MOF with DMF templating cations
occupying the pores.
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Figure 2: Photoluminescent spectrum of the MOF in the solid state
at room temperature.

although these types of materials were frequently referred to
as metal coordination polymers in the literature before the
term “MOF” was widely adopted.The first report of lumines-
cence, in which the structure was termed “MOF” that we are
aware of, appeared in 2002. Since then, nearly 200 articles
have appeared reporting light emission by MOFs, and a few
reviews covering certain aspects of MOF luminescent prop-
erties have been published [3–10].

The hybrid nature of MOF materials, which include both
an organic ligand and a metal ion, enables a wide range of
emissive phenomena found in few other classes of material;
the metal coordination can increase the conjugation and
rigidity of the linkers. MOFs offer a unique platform for
the development of solid-state luminescent materials as they
have a degree of structural predictability, in addition to well-
defined environments for lumophore in crystalline form.The
lanthanoid (Ln) ions have spectrally narrow emission, even
in solution, and nearly all of the lanthanoids exhibit photolu-
minescent properties [11–17].

He et al. [18] synthesized the first open-framework het-
erometallic MOF structure (Figure 1) based on the assembly

Figure 3: Single crystal X-ray structure of MOF-76b activated in
methanol containing NaF.
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transition intensities of MOF-76b activated
in different types of 10-2𝑀 NaX and Na2X methanol solution.

of infinite rod building units from the solvothermal reaction
of zinc nitrate hexahydrate, sodium hydroxide, and 1,3-
benzene-dicarboxylic (m-BDC) acid. The strong fluorescent
emission (Figure 2) of the aboveMOFmaymake it a potential
useful photoactive material.

Chen et al. [19] report a prototype luminescent MOF
(Figure 3), Tb (BTC)⋅G (MOF-76: BTC = benzene-1,3,5-
tricarboxylate, G = guest solvent), for the recognition and
sensing of anions, exhibiting a high-sensitivity sensing func-
tion with respect to fluoride (Figure 4). Such a recognition
event can be readily transformed into an external lumines-
cence intensity change once luminescent metal site and/or
organic linkers have been incorporated into the luminescent
MOFs.

3. Magnetic Metal-Organic Frameworks

One of the many interesting properties of metal-organic
frameworks (MOF) is magnetism [20–22]. It can be imple-
mented by incorporating magnetic moment carriers such
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Figure 5: (a)The repeating unit (left) and the 2D layer formed by organic ligands interlinking 1D chains (right) in 1. (b)The 𝜒𝑇 and 1/versus
𝜒𝑇 plots at 1 kOe for 1 and 2.

as paramagnetic metals, open-shell organic ligands or both
[23, 24]. Magnetic MOFs and molecular magnets reported
with their designs, synthetic approaches, structures, and
physical properties [25–33] are both branches of coordination
chemistry where metals are bound in a solid by coordination
bonds to organic linkers. There exist several reviews dealing
with the different aspects of magnetism [34–38].

Lanthanoid metals are attractive as magnetic materials
because of their high spin numbers and strong magnetic
anisotropies on the 4f orbitals. Magnetic materials based on
lanthanoid metals or lanthanoid metal oxides have extensive
applications [39–42].

Sun et al. [43] have reported a novel 2D coordination
polymer 1 (Figure 5(a)) consisting of ferromagnetic Ni(II)

chain with alternating double EO-azide bridges and (EO-
azide)bis(carboxylate) triple bridges, and the material
exhibits solvent sensitive metamagnetism; it can become 2
by dehydrating. The reversible dehydration/hydration proc-
esses are accompanied by significant changes in critical
temperature, critical field and hysteresis (Figure 5(b)).

Liu et al. [44] have successfully synthesized a high
nuclearity cubic cage involving 64 Fe3+ ions (Figure 6), which
displays strong antiferromagnetism (Figure 7). They also
demonstrate that the combination of the small stereohin-
drance HCOO− and polypodal ligands can obtain high
nuclearity magnetic clusters in order to explore their novel
and interesting magnetism.
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Figure 6: The structure of Fe
64

cubic. ((a) and (b)) Top and side view of the Fe
8

corner. (c) The cubic cage with the corner Fe
8

O
3

cores and
HCOO− edges highlighted.
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Figure 8: A portion of the crystal structure of Zn
4

O (BDC)
3

(MOF-5).
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(a) (b) (c)

(d)

Figure 9: (a) Octahedral cage in PCN-20. (b) Cuboctahedral cage with alignment of the unsaturated metal center (UMCs) in PCN-20. (c)
Cuboctahedral cage with open metal sites aligned orthogonally in PCN-20. (d) Square channels of PCN-20.
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sorption isotherms of PCN-20 at 77K, at high
pressure.

4. Porous Metal-Organic Frameworks

The designed construction of extended porous frameworks
from soluble molecular building blocks represents one of
the most challenging issues facing synthetic chemistry today.
A large number of wonders and advances have been made
possible by the synthesis of porousmetal-organic frameworks
(MOFs) because they have a wide array of applications,
ranging from hydrogen storage to gas adsorption and sepa-
ration to catalysis and so on.Thanks to several effective engi-
neering strategies, systematic fabrication of porous MOFs
can be achieved through designer assembly from judiciously
selected molecular building blocks.

4.1. Hydrogen Storage in Metal-Organic Frameworks. New
materials capable of storing hydrogen at high gravimetric
and volumetric densities are required if hydrogen is to be
widely employed as a clean alternative to hydrocarbon fuels in
cars and other mobile applications. With exceptionally high
surface areas and chemical-tunable structures, microporous
metal-organic frameworks have recently emerged as some of
themost promising candidatematerials; they can display out-
standing performance characteristics for cryogenic hydrogen
storage at 77K and pressures up to 100 bar.
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Figure 11: Metal-organic frameworks analyzed in this study.
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One of the first metal-organic frameworks investigated
for hydrogen storage was the cubic carboxylate-based frame-
work Zn

4
O(BDC)

3
(see Figure 8), and its gas storage prop-

erties were found to depend very large on the meth-
ods utilized in preparation and activation, with Langmuir
surface areas ranging between 1010 and 4400m2⋅g−1 and
H
2
uptake capacity varying accordingly [45–49]. Inspired

by the performance of compounds such as Zn
4
O(BDC)

3
,

researchers have thus far reported hydrogen storage data for
over 150 other microporous metal-organic frameworks [50–
55], containing carboxylate-based frameworks, heterocyclic
azolate-based frameworks, mixed-ligand/functionality sys-
tems, metal cyanide frameworks, and so on.

Wang et al. [56] reported a porous MOF, PCN-20
(Figure 9) with a twisted boracite topology based on a
designed planar TTCA ligand. PCN-20 possessed a large
Langmuir surface area of over 4200m2⋅g−1 as well as demon-
strated a high hydrogen uptake capacity of 6.2 wt% at 77K
and 50 bar (Figure 10).

Rowsell et al. [57, 58] have obtained remarkably detailed
information on the primary binding sites of hydrogen in a
series of metal-organic frameworks (Figures 11, 12, and 13)
composed of Zn

4
O (O
2
C)
6
secondary building units with the

use of inelastic neutron scattering from the hindered rota-
tions of the adsorbedmolecule. And this paper underlines the
need to explore new topologies composed of novel secondary
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Figure 14: Crystal structure of bio-MOF-11.
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Figure 15: Adsorption isotherms for CO
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(circles) and N
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(triangles) at 273 (black) and 298K (red).

building units from metal cations that have received less
attention to increase the building energies for H

2
on all

sites. In particular, the use of more polarizing centers or the
installment of open metal sites should enhance hydrogen
physisorption by this case of materials.

However, significant further advances will be required in
order to meet the US DoE targets for an onboard hydrogen
system.

4.2. Gas Adsorption and Separation. In industry, the adsorp-
tive separation needs efficient porous materials. Preparing
as traditional porous solid material, the porous metal-
organic frameworks with tailored structures and tunable
surface properties are becoming promising candidates for
gas adsorption and separations, also they have commendable
thermal stability, in most cases, these structures are robust
enough to allow the removal of the included guest species
resulting in permanent porosity, so MOFs are ideal for
research and practical applications, such as in gas separation
and purification as adsorbents [59–63].

An et al. [64] have prepared a porous MOFs
Co
2
(ad)
2
(CO
2
CH
3
)
2
⋅DMF⋅0.5H

2
O(bio-MOF-11) (Figure 14)

via a solvothermal reaction between cobalt acetate tetrahy-
drate and adenine in DMF, which has a high heat of

adsorption for CO
2
, high CO

2
capacity, and impressive

selectivity for CO
2
over N

2
(Figure 15).

In 2009, Britt et al. [65] reported that a known MOF,
Mg-MOF-74 (Figures 16 and 17), with open magnesium sites,
rivals competitive materials in CO

2
capture, with 8.9 wt.%

dynamic capacity, and undergoes facile CO
2
release at sig-

nificantly lower temperature, 80∘C. Mg-MOF-74 offers an
excellent balance between dynamic capacity and regenera-
tion. These results demonstrate the potential of MOFs with
open metal sites as efficient CO

2
capture media.

Li et al. [66] reported a novel three zeolite-like chiral
guest-freeMOFmaterial (Figure 18), [Zn(dtp)] (H

2
dtp = 2,3-

di-1H-tetrazol-5-ylpyrazine), which has high thermal stabil-
ity and permanent porosity. It exhibits rare gas-adsorption
selectivity for O

2
and CO

2
over N

2
gas (Figure 19), and could

be useful in the separation of air.
Besides,MOFs also have some other properties that occur

through the metal moiety and/or the organic ligand, such as
catalysts [67], enantioselective catalysis [68], and applications
in industry [69].

5. Conclusions Remarks

We exhibited the variety applications as materials of few
MOFs here; in fact although a large number of MOFs have
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been reported until now, we only have seen the tip of the
iceberg with respect to the application potential of MOFs. In
order to investigate more potential applications of MOFs, an
extensive body of researchers should pay for further effort.
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Arndt, and J. Pastré, “Metal-organic frameworks—prospective
industrial applications,” Journal of Materials Chemistry, vol. 16,
no. 7, pp. 626–636, 2006.

[60] D. Britt, D. Tranchemontagne, and O. M. Yaghi, “Metal-organic
frameworks with high capacity and selectivity for harmful
gases,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 105, no. 33, pp. 11623–11627, 2008.

[61] L. H. Xie, J. B. Lin, X. M. Liu et al., “Porous coordination
polymer with flexibility imparted by coordinatively changeable
lithium ions on the pore surface,” Inorganic Chemistry, vol. 49,
no. 3, pp. 1158–1165, 2010.

[62] A. U. Czaja, N. Trukhan, and U. Mueller, “Industrial applica-
tions of metal-organic frameworks,” Chemical Society Reviews,
vol. 38, no. 5, pp. 1284–1293, 2009.

[63] S. J. Yang, T. Kim, J. H. Im et al., “MOF-derived hierarchically
porous carbon with exceptional porosity and hydrogen storage
capacity,” Chemistry of Materials, vol. 24, no. 3, pp. 464–470,
2012.

[64] J. An, S. J. Geib, and N. L. Rosi, “High and selective CO
2

uptake in a cobalt adeninate metal-organic framework exhibit-
ing pyrimidine- and amino-decorated pores,” Journal of the
American Chemical Society, vol. 132, no. 1, pp. 38–39, 2010.

[65] D. Britt, H. Furukawa, B. Wang, T. G. Glover, and O. M.
Yaghi, “Highly efficient separation of carbon dioxide by ametal-
organic framework replete with openmetal sites,” Proceedings of
the National Academy of Sciences of the United States of America,
vol. 106, no. 49, pp. 20637–20640, 2009.

[66] J. R. Li, Y. Tao, Q. Yu, X. H. Bu, H. Sakamoto, and S. Kitagawa,
“Selective gas adsorption and unique structural topology of a
highly stable guest-free zeolite-type MOF material with N-rich
chiral open channels,” Chemistry—A European Journal, vol. 14,
no. 9, pp. 2771–2776, 2008.

[67] J. Lee, O. K. Farha, J. Roberts, K. A. Scheidt, S. T. Nguyen, and
J. T. Hupp, “Metal-organic framework materials as catalysts,”
Chemical Society Reviews, vol. 38, no. 5, pp. 1450–1459, 2009.



Journal of Nanomaterials 11

[68] L. Ma, C. Abney, and W. Lin, “Enantioselective catalysis
with homochiral metal-organic frameworks,” Chemical Society
Reviews, vol. 38, no. 5, pp. 1248–1256, 2009.

[69] A. U. Czaja, N. Trukhan, and U.Müller, “Industrial applications
of metal-organic frameworks,” Chemical Society Reviews, vol.
38, no. 5, pp. 1284–1293, 2009.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2013, Article ID 940389, 8 pages
http://dx.doi.org/10.1155/2013/940389

Review Article
Graphene-Based Composites as Cathode Materials for
Lithium Ion Batteries

Libao Chen,1,2 Ming Zhang,2 and Weifeng Wei1

1 State Key Laboratory for Powder Metallurgy, Central South University, Changsha 410083, China
2 Key Laboratory for Micro-Nano Optoelectronic Devices of Ministry of Education and State Key Laboratory for
Chemo/Biosensing and Chemometrics, Hunan University, Changsha 410082, China

Correspondence should be addressed to Weifeng Wei; weifengmit@gmail.com

Received 30 January 2013; Accepted 27 March 2013

Academic Editor: Yongzhu Fu

Copyright © 2013 Libao Chen et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Owing to the superior mechanical, thermal, and electrical properties, graphene was a perfect candidate to improve the
performance of lithium ion batteries. Herein, we review the recent advances in graphene-based composites and their application
as cathode materials for lithium ion batteries. We focus on the synthesis methods of graphene-based composites and the superior
electrochemical performance of graphene-based composites as cathode materials for lithium ion batteries.

1. Introduction

Graphene is a free-standing 2D crystal with one-atom thick-
ness of carbon atom. Those carbon atoms are sp2-hybridized
atoms arranged in six-membered rings in a honeycombed
network which is also considered as the fundamental foun-
dation for fullerenes, carbon nanotubes, and graphite [1].
Graphene was discovered by Novoselov and coworkers in
2004 [2]. Owing to their great contribution for the study
of graphene, Geim and Novoselov were awarded the Nobel
Prize which was the third Nobel Prize in the field of carbon
materials. As a kind of carbon materials, graphene has
attracted increasing attention in a variety of fields because
of its large specific surface area, good flexibility, superior
chemical/thermal stability, and extraordinary electrical, and
thermal, mechanical properties. With so many advantages,
it is desirable to utilize the unique properties of graphene
in composites through the incorporation with all kinds of
functional materials [3–11]. One of the most important appli-
cations of graphene-based composites is electrode material
for lithium ion batteries [12–15]. In this review, we focus on
the synthesis methods and electrochemical performance of
graphene-based composites as cathode materials for lithium
ion batteries.

2. LiMPO4 (M = Fe, Co, Mn, V)-Graphene
Composites as Cathode Materials for LIBs

LiFePO
4
has been extensively investigated as cathode mate-

rials for LIBs because of low-cost, low toxicity, and relatively
high theoretical specific capacity of 170mAh/g. A significant
restriction for LiFePO

4
is its poor electronic conductivity

(as low as 10−9 S cm−1) which exerts negative effects on the
performance of LIBs. A concept of establishing a conducting
network formed by carbonaceous materials has been pro-
posed to improve the rete performance of electrode materials
[16]. Graphene possessing high conductivity, chemical sta-
bility, and mechanical performance has been demonstrated
to be excellent additive to improve the electrochemical
performance of LiFePO

4
as cathodes for LIBs. With the help

of graphene, the electrons could be transferred easly between
current collectors and the LiFePO

4
particles, reducing the

internal resistance of the batteries and enhancing the output
power. On the other hand, the excellent mechanical proper-
ties of grapheme sheets are of benefit for the structure stability
of electrode materials, resulting in an improved cyclic stabil-
ity. Therefore, graphene sheets are beneficial to improve the
properties of LiFePO

4
. The first publication about LiFePO

4
-

graphene composites was finished by Ding and coworkers
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Table 1: Electrochemical performance of 3D LiFePO4-graphene composites in publications.

Methods Cycling stability Rate capacity at 10C (mA h/g) References
Composites Without graphene

Sol-gel 140% after 100 cycles 60 45 [21]
Mechanical mixing — 109 75 [22]
Spray drying 70% after 1000 cycles at 10C 130 110 [23]

LiFePO4
Graphene

oxide Mixing Spray
drying

Annealing

LiFePO4/graphene LiFePO4/graphene oxide

+

Figure 1: Illustration of the synthesis procedures and the microstructure of LiFePO
4

-graphene composites [23].

in 2010 [17]. The composites were prepared by a copre-
cipitation method, which delivered a specific capacity of
160mAh/gwhile therewas only 113mAh/g for bare LiFePO

4
.

A research carried out by Su and coworkers demonstrated
that graphene sheets were powerful planar conductive addi-
tive to enhance the electrochemical performance of LiFePO

4

[18]. The results showed that with a much lower fraction
of graphene additive than those of commercial carbon-
based agents, LiFePO

4
displayed better charge/discharge

performance than commercial cases. In a later study,
LiFePO

4
-graphene composites were prepared through a

facile hydrothermal route followed by hear treatment [19].
Except the liquid reaction, a solid-state route also was used to
prepare LiFePO

4
-graphene composites [20]. The composites

with a structure of scattering graphene sheets amongLiFePO
4

delivered a specific capacity of 161 and 70mAh/g at 0.1C and
50C.

To improve the electronic conductivity and transforma-
tion rate of Li+, 3D porous LiFePO

4
-graphene composites

were fabricated [21–23]. A case in point is that 3D hierarchical
self-assembled LiFePO

4
-graphene composites were prepared

by a facile template-free sol-gel method [21]. Another way
to 3D LiFePO

4
-graphene composites included the synthesis

of 3D graphene networks by CVD and following mechanical
mixing of graphene networks and LiFePO

4
nanoparticles

[22]. The electrochemical performance of the above two
composites is shown in Table 1.

A more effective method to prepare LiFePO
4
-graphene

composites with excellent performance was a spray-drying
route [23]. This method is illustrated in Figure 1. LiFePO

4

nanoparticles were wrapped by homogeneously and loosely
graphene 3D networks to form LiFePO

4
-graphene compos-

ites with a microsized spherical secondary structure. The
spherical secondary structure was of benefit for Li+ diffusion,

resulting in a high-specific capacity of 70mAh/g at 60C
discharge rate.

The electrochemical performance of LiFePO
4
could be

further improved by modifying it with both graphene sheets
and carbon layers [36–40]. For example, LiFePO

4
@graphene

composites were prepared by a solvothermal route firstly.
Then, the mixture of the above LiFePO

4
-graphene and citric

acid was annealed at 873K in Ar/H
2
to form LiFePO

4
@C-

graphene composites [36]. Another similar route was
employed to synthesis LiFePO

4
@C-graphene composites by

using sucrose instead of citric acid [37]. Both of the above
composites showed the specific capacity of 110mAh/g at a
rate of 5C. LiFePO

4
-graphene-C nanofibers also were fabri-

cated by using a combination of electrospun and sol-gel tech-
niques [38]. As cathode materials for LIBs, the composites
possess high capacity, good cycling performances, and high
rate capacity. A microwave-assisted hydrothermal method
also was developed to synthesize LiFePO

4
/C/graphene com-

posites with high efficiency and low cost [39].
FePO

4
as a cathodematerial for LIBs also has drawnmuch

attention recently. It can be prepared at low temperature
and by a facile route. Besides, amorphous FePO

4
exhibited

continuous charge/discharge voltage profile. However, its
conductance is unexpectedly lower than that of LiFePO

4
,

resulting in its poor properties. To enhance the electrochemi-
cal performance of FePO

4
, FePO

4
-graphene composites were

synthesized from an easy and simple chemical method [41].
The composites delivered a specific capacity of 156mAh/g
after 100 cycles with a coulombic efficiency of nearly 100%.
At a large current density of 2.5 A/g, the capacity could retain
at 100mAh/g. In a later study, FePO

4
-graphene composites

with hollow nanospheres were prepared by a hydrothermal
method [42]. Those composites exhibited high rate capa-
bility and good cycle stability arising from the thin wall of
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the hollow nanospheres and fast electron transport through
the graphene networks.

Compared to LiFePO
4
, Li
3
V
2
(PO
4
)
3
is an attractive

cathode material for LIBs, because its average extraction/
reinsertion voltage is about 4.0V, and its theoretical capac-
ity is 197mAh/g. Its intrinsic low electronic conductivity
(240 nS/cm at room temperature) limits its rate capacity.
Although some approaches, such as doping bymetal ions and
carbon coating, have been employed to enhance its perfor-
mance [43], graphene sheets seemed to be a more effective
additive to improve its electrochemical performance. Liu and
coworkers prepared Li

3
V
2
(PO
4
)
3
-graphene composites and

investigated their electrochemical performances [44, 45].The
composites prepared by a sol-gel route showed excellent rate
capacity and cycling stability. The research also discovered
that graphene was a more efficient carbon coating compared
with the conventional carbon, which showed the advantages
of graphene to improve the properties of Li

3
V
2
(PO
4
)
3
.

Therefore, the rate capacities of Li
3
V
2
(PO
4
)
3
-graphene com-

posites were much higher than those of bare Li
3
V
2
(PO
4
)
3

and the hybrids of Li
3
V
2
(PO
4
)
3
and conventional carbon.

Li
3
V
2
(PO
4
)
3
/graphene composites with 3D structure were

synthesized by a spray-drying process [46]. The properties
of Li
3
V
2
(PO
4
)
3
could be improved further by coating the

Li
3
V
2
(PO
4
)
3
with a carbon layer. The composites could

deliver a capacity of 131mAh/g at 10C after 100 cycles [47].
Compared to LiFePO

4
, LiMnPO

4
is another attractive

cathode for LIBs due to its higher Li+ intercalation potential
of 4.1 V, resulting in about 20% higher energy density than
that of LiFePO

4
. However, the electrical conductivity of

LiMnPO
4
is ultra low (lower than LiFePO

4
by five orders of

magnitude). Fe-doping of LiMnPO
4
has been demonstrated

to be an effective method to improve its performance [48].
But its performance still lies behind the demand of con-
sumers. Therefore, LiMn

1−𝑥
Fe
𝑥
PO
4
-graphene composites

were prepared to improve the electrochemical performances
[49, 50]. LiMn

0.75
Fe
0.25

PO
4
-graphene composites with high

electrical conductivity and low ionic resistance led to excel-
lent rate properties for the otherwise extremely insulating
LiMn

0.75
Fe
0.25

PO
4
cathodes. A further investigation showed

that the interaction betweenLiMn
0.75

Fe
0.25

PO
4
nanorods and

graphene via charge redistribution not only anchored the
nanorods onto the graphene sheets but also modified their
surface chemistry, resulting in an ultra-high rate capacity as
cathodes for LIBs [50].

The fundamental of using graphene to improve the
properties of phosphate could be indexed to follow aspects.
Firstly, graphene with high conductivity could enhance the
conductance of electrode materials compared to unmodi-
fied phosphate. Secondly, the good mechanical property of
graphene could maintain the microstructure of phosphate
and improve the cyclic stability.

3. Lithium Metal (Mn, Co, Ni) Oxide-Graphene
Composites as Cathode Materials for LIBs

LiMn
2
O
4
with advantages of low cost, environmental friend-

liness, and high abundance has drawn much attention in

recent years [51]. Its low electrical conductivity resulted in a
low-rate capacity. Published papers have demonstrated that
graphene sheets were effective agents to improve their con-
ductivity and rate capacity. LiMn

2
O
4
-graphene composites

with high rate capacity were synthesized by a microwave-
assisted hydrothermalmethod [52].The composites exhibited
reversible capacities of 117 and 101mAh/g at 50C and 100C. In
another study, LiMn

2
O
4
-graphene composites were synthe-

sized by self-assembly approach combined with a solid-state
lithiation method [53]. The enhancement in electrochemical
properties could be attributed to the superior Li+ diffusion
kinetics and improved stability across a wide voltage window
in crystalline LiMn

2
O
4
-graphene composites. Especially,

their capacities approached the theoretical value, and the
cycling stability was enhanced.

LiNi
1/3

Mn
1/3

Co
1/3

O
2

as a promising candidate for
LiCoO

2
has attracted a lot of interest [54]. It shows a

high energy density, good stability, enhanced safety, and
low cost. However, the cation disorder occurred dur-
ing calcination results in the deterioration in the kinetic
property. To enhance its electrochemical performance,
LiNi
1/3

Mn
1/3

Co
1/3

O
2
-graphene composites were prepared as

cathodes for LIBs. It was reported by Jiang and coworkers
that LiNi

1/3
Mn
1/3

Co
1/3

O
2
-graphene composites prepared by

mechanical mixing could deliver a capacity of 115mAh/g
at 6C [55]. LiNi

1/3
Mn
1/3

Co
1/3

O
2
-graphene composites pre-

pared by microemulsion and ball-milling route could deliver
a reversible capacity of 150mAh/g at a rate of 5C, much
higher than that of bare LiNi

1/3
Mn
1/3

Co
1/3

O
2
[56]. The

improved performance was attributed to the grain connec-
tivity and high electronic conductivity. LiNi

0.8
Co
0.15

Al
0.05

O
2
-

graphene alsowas prepared by a highmechanical ball-milling
method.They exhibited the high capacity of 180mAh/g with
good cycle stability [57].

4. Sulfur-Graphene Composites as
Cathode Materials for LIBs

The lower specific capacities of cathode materials (about
150mAh/g for layered oxides and 170mAh/g for LiFePO

4
)

compared to those of anodes (370mAh/g for graphene and
993mAh/g for tin) have been a limiting factor to improve the
energy density of LIBs. As a cathode for LIBs, sulfur possesses
a theoretical specific capacity of 1675mAh/g which is about
five times higher than those of traditional cathode materials
[58]. Its disadvantages of the low electrical conductivity and
dissolution of polysulfides in electrolyte also are obvious.
Sulfur-graphene composite has been demonstrated to be one
way to improve the electrochemical performance of sulfur in
LIBs.

The first report about S-graphene composite as cathode
for LIBs was available online in October of 2010, which
was completed by Wang and coworkers [24]. The com-
posites, prepared by the heat treatment of the mixture of
graphene sheets and elemental sulfur, exhibited a specific
capacity of 600mAh/g after 40 cycles at a current density
of 50mA/g. An improved method of preparing S-graphene
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Table 2: Electrochemical performance of S-graphene composites in the literatures.

Structure Method Capacity References
Graphene coated by S particles Heat mixing 400mAh/g after 40 cycles [24]
Sandwich-type Solution-mixing 505mAh/g after 100 cycles [25]
S particles wrapped by graphene Self-assembly 600mAh/g after 100 cycles [26]
S particles in graphene Oil/water system 620mAh/g after 60 cycles at 1C [27]
— Deposition from Na

2

S
𝑥

950mAh/g after 55 cycles [28]
Wrinkled laminar structure Deposition from Na2S2O3 667mAh/g after 200 cycles [29]
S particles in graphene sheets Deposition from Na2S2O3 830mAh/g after 50 cycles [30]
S in the pores of actived graphene Melt-diffusion 1000mAh/g after 60 cycles at 0.2C [31]
S particles on graphene Melting diffusion 957mAh/g after 50 cycles [32]
Ternary composites In situ polymerization 560mAh/g after 100 cycles [33]
Sandwich-type Heat mixing 800mAh/g after 100 cycles [34]
S in the porous graphene Melt-diffusion 755mAh/g at 0.1C [35]

Graphene oxide
(GO) suspension

Carbon
black (CB)

GO/CB
suspension

Graphene coating to
render electrical
conductivity

Graphene
wrapping to trap
polysulfides

PEG layer to trap
polysulfides and
accommodate
volume changeGraphene-sulfur

composite

S/PEG
particles

Na2S2O3
+

HCl
+

Triton X-100

Sulfur

+

Figure 2: Illustration of the synthesis procedures for S-graphene composites and a proposed schematic structure of the composite [26].

bymixing graphene with the solution of sulfur was developed
by Cao and coworkers [25]. The composites with a sandwich
structure could deliver a specific capacity of 750mAh/g
after 50 cycles at a current density of 168mA/g. To fur-
ther improve the electrochemical performance, S-graphene
composites with a wrapped structure were synthesized
[26]. Improved performance was achieved by the graphene-
wrapped composites which could be attributed to sulfur
particles of well coated and confined by graphene sheets
andmeanwhile integrated polymeric cushions in composites.
The synthesis method and the microstructure of composites
were illustrated in Figure 2. An oil/water system also could
be employed to prepare sulfur/graphene with a core/shell
structure [27].

To modify the interface between graphene and sulfur,
sulfur was anchored on graphene sheets by using Na

2
S
𝑥

as sulfur sources [28]. Graphene sheets were coated by a
uniform and thin sulfur to form S-graphene composites. A
similar method by employing Na

2
S
2
O
3
as sulfur source also

was used to prepare S-graphene composites [29]. To improve

the electrochemical performance of S-graphene composites,
graphene was treated by HF to eliminate impurities and
create active sites for the nucleation of sulfur particles on
graphene sheets [30]. The composites showed a specific
capacity of 830mAh/g after 50 cycles at a current density of
168mA/g, much higher than that of S-carbon composites.
Another active method for graphene is based on the thermal
process with KOH [31].

S-graphene composites with a layer-by-layer structure
were synthesized by melt-diffusion strategy [32]. A dwindled
over-discharged phenomenon and excellent rate capability
were achieved by the composites. To avoid the dissolution
of polysulfides and improve the performance of composites,
polyacrylonitrile-sulfur-graphene composites were prepared
by an in situ polymerization approach [33]. Table 2 shows
some results about S-graphene composites as cathodes for
LIBs. The improved performance of S-graphene compos-
ites could be ascribed to graphene sheets, which acted as
conductive agent to enhance conductivity and protective
layer to block the diffusion of polysulfides.
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Figure 3: (a) Illustration of the synthesis route of V
2

O
5

-graphene composites. (b) Ideal electron transfer pathway for V
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5

-graphene
composites [60].

The enhancement of S-graphene as cathodes for LIBs
could be ascribed to the following reasons. Firstly, grapheme
sheets as good electronic conductors could enhance the
conductance of sulfur-based materials. Secondly, the layered
graphene sheets with good sealability could prevent the loss
of polysulfides.

5. Metal Oxide-Graphene Composites as
Cathode Materials for LIBs

V
2
O
5
is one of the most promising candidates for cathodes

for LIBs because of its intercalation structure, low-cost, and
high energy density [59]. However, the practical application
of V
2
O
5
is limited by sluggish kinetics of electron and Li+

transport, resulting in low specific capacities at high rates and
poor cyclability. Carbon has been introduced as a composite
component to enhance electrical conductivity and prevent
the vanadium dissolution. As a kind of carbon materials,
graphene has attracted much attention in the field of LIBs.
Especially, V

2
O
5
-graphene composites were investigated as

cathodes for LIBs.
V
2
O
5
⋅nH
2
O synthesized via a simple hydrothermal route

was mechanically mixed with graphene sheets to form
V
2
O
5
⋅nH
2
O-graphene composites [61]. The composites with

a structure of V
2
O
5
⋅nH
2
O ribbons on graphene sheets could

deliver a reversible capacity of 190mAh/g after 50 cycles.
The graphene-based composites involved a metastable mon-
oclinic polymorph of VO

2
also were prepared by a hydrother-

mal method, which delivered a high capacity of 450mAh/g
[62].Thermal decomposition also was used to prepare V

2
O
5
-

graphene composites by employing (NH
4
)
2
V
2
O
6
-graphene

as precursors [63].The composites showed a specific capacity
of 178mAh/g after 50 cycles at a current density of 0.3 A/g.
The improved performance was ascribed to the conductive
network built by graphene sheets. V

2
O
5
-graphene compos-

ites with a discharge capacity of 202mAh/g after 50 cycles
were synthesized by a hydrothermal route based on the
hydrolysis of VO(OiPr)

3
[64]. A modified hydrothermal

method of using graphite as precursors were developed to
prepare V

2
O
5
-graphene composites, as shown in Figure 3

[60]. The composites with structure of V
2
O
5
ribbons on

graphene sheets were obtained. Due to the improved conduc-
tance, V

2
O
5
-graphene composites showed a specific capacity

of 190mAh/g after 50 cycles. V
2
O
5
with extremely stable

cycling was achieved by preparing V
2
O
5
/graphene com-

posites using a facile vacuum filtration method [65]. They
could deliver the capacity of 0.1 A h/g after 100,000 cycles
at a current density of 10 A/g. The improvement could be
ascribed to the graphene sheets which are excellent electronic
conductor and could reduce the polarization of LIBs.

MnO
2
-graphene composites could be used as anodes for

LIBs.They could be used as cathodes aswell.MnO
2
-graphene

composites were synthesized by immersing graphene sheets
into a KMnO

4
aqueous solution [66]. A reversible capacity

of 230mAh/g after 150 cycles was obtained by employing
sodium alginate as a binder. When PVDF was used as a
binder, a bad performance of 115mAh/g after 150 cycles was
achieved.

6. Other Graphene-Based Composites as
Cathode Materials for LIBs

Except above composites, there are a few graphene-based
composites which could be used as cathodes for LIBs. A
case in point is that Ag

2
V
4
O
11
-graphene composites were

prepared for LIBs [67]. The composites were fabricated
by mechanical mixing of carbon fluoride, Ag

2
V
4
O
11
, and

graphene. The ternary composites showed a specific capacity
of 480mAh/g at a rate of 5C. The impedance analysis
demonstrated that the charge transfer resistance of com-
posites is very low, accounting for excellent rate capability.
FeF
3
has drawn much attention owing to its high capacity

and electrical insulating. Its property could be improved by
modifying it with graphene. The composites could deliver a
capacity of 200mAh/g after 80 cycles [68]. The properties
of iron fluoride-graphene composites could be improved
further by preparing LiF/Fe/graphene composites [69]. The
composites showed a high reversible capacity of 150mAh/g
after 180 cycles.

7. Perspectives and Challenges

Herein, we have reviewed the preparation and application
of graphene-based composites as cathode materials for LIBs.
In those graphene-based composites, emphasis is given to
the synthesis methods and the synergistic effects between
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graphene and cathode materials. A variety of published
papers are the evidences that graphene sheets are desirable
candidates for enhancing the performance of cathode mate-
rials for LIBs to meet the demands of consumers.

Graphene-based cathodematerials are of somany advan-
tages. However, more effort should be made to overcome
the following challenges for the commercial application of
graphene-based cathode materials. (1) The effect of graphene
precursor (GO) on the morphology of cathode materials
are not very clear at this moment. There are some oxygen-
containing groups on GO. Published papers have demon-
strated that those groups affect the crystal growth of cathode
materials. However, the detailed mechanism is not clear.
(2) Rational design and controllable synthesis of cathode
materials are of great significance for commercial applica-
tion. (3) Developing the synthesis methods of graphene-
based cathode materials, with low cost and environmentally-
friendly, is very necessary for the industrial production.
Although the precursor of graphene (graphite) is abundant
on the earth, the common precursor of graphene is GO,
needingmany steps and regents to transfer fromgraphite.The
traditional approach for the synthesis of GO needs so many
chemicals, leading to a high cost and potential damage to the
environment. So many interesting results have been achieved
from the investigation of graphene-based cathode materials.
With continuous investigation of worldwide scientists, it is
believed that graphene-based cathode materials for LIBs will
be used in many fields, such as personal movable tools and
hybrid electric vehicles.
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Ag
3

PO
4

as a photocatalyst has attracted enormous attention in recent years due to its great potential in harvesting solar energy for
environmental purification and fuel production. The photocatalytic performance of Ag

3

PO
4

strongly depends on its morphology,
exposed facets, and particle size.The effects of morphology and orientation of Ag

3

PO
4

on the catalytic performance and the efforts
on the stability improvement of Ag

3

PO
4

are reviewed here. This paper also discusses the current theoretical understanding of
photocatalytic mechanism of Ag

3

PO
4

, together with the recent progress towards developing Ag
3

PO
4

composite photocatalysts.
The crucial issues that should be addressed in future research activities are finally highlighted.

1. Introduction

The development of efficient photocatalysts is very impor-
tant and desirable in environmental pollution mediation
and solar energy conversion [1–6]. Over the past decades,
fundamental progress has been made in developing novel
photocatalysts, particularly visible light response catalysts
for the efficient utilization of solar energy. A great deal of
photocatalysts, including inorganic, molecular, and hybrid
organic/inorganic materials, have been explored to meet
specific requirements such as a light-absorbing wavelength
modification, photoinduced charge separation, and a faster
photocatalytic reaction. Among the various photocatalysts
developed, TiO

2
is undoubtedly the most popular and widely

used photocatalyst since it is of low cost, high photocat-
alytic activity, chemical and photochemical stability [7, 8].
However, TiO

2
is not ideal for all purposes and performs

rather poorly in processes associated with solar photocatal-
ysis due to its wide band gap (3–3.2 eV), thus making
impractical overall technological process based on TiO

2
.

To design visible-light-driven photocatalysts, two strategies
have been proposed. One is to modify the wide band gap
photocatalysts (such as TiO

2
, ZnS) by doping or by producing

hetero-junctions between them and other materials [4, 7–
12], and the other involves exploration of novel semicon-
ductor materials capable of absorbing visible light. Various
compounds, such as BiVO

4
[13], Bi

2
WO
6
[1, 14], CaBi

2
O
4

[15], PbBi
2
Nb
2
O
9
[16], Bi

4
Ti
3
O
12

[17], and Ag@AgCl [18],
and others have been reported to be promising photocatalysts
under visible light irradiation [19–22]. Despite many of
these photocatalysts being effective for the degradation of
organic pollutants and water splitting, up to date, the present
achievements are still far from the ideal goal.

Yi and his coworkers [23] have recently presented the
pioneeringwork on exploring the photocatalytic properties of
Ag
3
PO
4
that exhibit extremely high photooxidative capabil-

ities for the O
2
evolution from water and the decomposition

of organic dyes under visible-light irradiation. Actually, the
photodegradation rate of organic dyes over Ag

3
PO
4
is dozens

of times faster than the rate over BiVO
4
and commercial

TiO
2−𝑥

N
𝑥
[23, 24]. Moreover, the most interesting is that this

novel photocatalyst can achieve a quantum efficiency of up
to 90% at wavelengths greater than 420 nm, which is signifi-
cantly higher than the previous reported values. This finding
potentially opens an avenue for solving current energy crisis
and environment problemswith abundant solar light, and the
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Figure 1: Unit-cell structure of cubic Ag
3

PO
4

, showing (a) ball and stick and (b) polyhedron configurations. Red, purple, and blue spheres
represent O, P, and Ag atoms, respectively [24].

research of Ag
3
PO
4
is thus attracting considerable interest.

Since then, many efforts have been devoted to further
improving and optimizing their photoelectric and photocat-
alytic properties. Despite the fact that Ag

3
PO
4
is a promising

candidate for environmental remediation and renewable
energy, the consumption of a large amount of noblemetal and
the low structural stability of pure Ag

3
PO
4
strongly limits its

practical environmental applications. Therefore, it is a highly
crucial task to improve the photocatalytic stability of Ag

3
PO
4

while maintaining its high photocatalytic activity. In this
paper, the effects of morphology and orientation of Ag

3
PO
4

on the catalytic performance and the current theoretical
understanding of key aspects of Ag

3
PO
4
photocatalysts are

presented. Also reviewed is the effort on the photocatalytic
stability of Ag

3
PO
4
and Ag

3
PO
4
composite photocatalyst.

2. The Structure of Ag3PO4

Ag
3
PO
4
is of body-centred cubic structure type with space

group P4-3n and a lattice parameter of ∼6:004 Å. The
structure consists of isolated, regular PO

4
tetrahedra (P–O

distance of ∼1.539 Å) forming a body-centred-cubic lattice.
The six Ag+ ions are distributed among twelve sites of twofold
symmetry [25]. This indicates that each Ag atom at (0.25, 0,
0.50) actually occupies one of the two sites at (𝑥, 0, 0.50) and
(0.5 − 𝑥, 0, 0.50) on the 2-fold axis. The unit-cell structure
of cubic Ag

3
PO
4
is shown in Figure 1, in which the Ag atom

experiences 4-fold coordination by four O atoms [24]. The P
atoms have 4-fold coordination surrounded by four O atoms,
while the O atoms have 4-fold coordination surrounded by
three Ag atoms and one P atom.

3. Morphology Control and Catalytic
Properties of Ag3PO4

Since Ag
3
PO
4
was first reported as visible light response

photocatalyst by Yi and his coworkers [23], much research

has been devoted to investigate this active photocatalyst [26–
29], and differentmethods have been developed to synthesize
various Ag

3
PO
4
and its composites [28, 30–32]. The investi-

gation of photocatalytic activity shows that all of the prepared
Ag
3
PO
4
exhibit excellent photocatalytic activity under UV

light irradiation or visible-light illumination, which is much
more excellent than that of commercial P25 TiO

2
[33, 34] or

N-doped TiO
2
[30, 35, 36] as shown in Figure 2.

It is well known that the morphology of materials is
closely related to the exposed facets of the crystals, which
directly affect the properties of the catalysts. Various Ag

3
PO
4

nanostructures including spherical morphology [33, 34],
rhombic dodecahedrons [30], concave trisoctahedrons [37],
cubes [26, 30], and tetrapods [38] with controlling particle
size [39] have been designed and synthesized to further
improve or optimize the photocatalytic properties.The inves-
tigations revealed that the rhombic dodecahedrons exhibit
much higher photocatalytic activity in comparison with
spheres and cubes for the degradation of organic contami-
nants [23, 30], and the enhanced photocatalytic activity of
Ag
3
PO
4
rhombic dodecahedrons is primarily ascribed to the

higher surface energy of {110} facets (1.31 J/m2). The highly
exposed {110} facets also lead to the higher visible light
activity of Ag

3
PO
4
tetrapods than that of the polyhedrons

for the degradation of toxic organic compounds [38]. The
concave trisoctahedral Ag

3
PO
4
microcrystals with high-

index facets have also been reported to show much higher
photocatalytic properties than cubicAg

3
PO
4
and commercial

N-doped TiO
2
[37].

The synthetic parameters, such as reaction component,
temperature, and reaction time, usually serve as effective
routes for tailoring the morphology and structure of Ag

3
PO
4

crystals. By directly reacting AgNO
3
and Na

2
HPO
4
, only

Ag
3
PO
4
particles with irregular spherical structures can be

obtained, while the single crystalline Ag
3
PO
4
submicrocubes

with sharp corners, edges, and smooth surfaces can be
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Figure 2: Photocatalytic activities of Ag
3

PO
4

rhombic dodecahedrons, cubes, and spheres and N-doped TiO
2

for (a) MO and (b) RhB
degradation under visible-light irradiation (𝜆 > 420 nm) [30].

fabricated with [Ag(NH
3
)
2
]+ as precursors under the same

conditions, which therefore exhibit higher photocatalytic
activity than spherical nanoparticles [35]. Moreover, the
morphologies and structures of the as-prepared Ag

3
PO
4

crystals could be further tailored by changing the aging time
of the [Ag(NH

3
)
2
]+ complex due to the ammonia volatil-

ity. For example, when [Ag(NH
3
)
2
]+ complex solution was

aged at room temperature for 1 h, the as-prepared Ag
3
PO
4

crystals possess irregular cubic morphology and six rhombic
planes. Upon further increasing the aging time up to 2 h,
the Ag

3
PO
4
crystals transform into irregular structure with

concave surfaces. Interestingly, when the aging time has been
prolonged to 4 h, the corresponding Ag

3
PO
4
products with

four symmetrically arrowheaded morphologies have been
fabricated (shown in Figure 3), and no cubes have been
observed.The variation ofmorphologies and structures of the
as-prepared Ag

3
PO
4
crystals leads to the variation of optical

properties (Figure 3(d)). Similar morphology variation of
Ag
3
PO
4
particles prepared by a pyridine-assisted hydrother-

mal method is found to change regularly from spherical
to particles with the corners and edges then to rhombic
dodecahedrons with an increase in pyridine concentration
[27].

4. Theoretical Study of the Electronic
Structure and Photocatalytic Performance

To elucidate its mechanism of the extremely high photoox-
idative under visible light irradiation of Ag

3
PO
4
, theoretical

works have been carried out by using first-principle method.
Photocatalysis reactions are determined primarily by three
processes: (1) the photoexcitation of electron-hole pairs due
to light harvesting, (2) the transfer of carriers to the surface,

and (3) chemical reactions on the surface. So far, theoretical
investigations aremainly focused on the first process, which is
relevant to energy band configuration because photoexcited
carriers are generated only when the incident photon energy
is higher than the bandgap of the photocatalyst. Alignment
between the band edges and the redox potentials of the
targetmolecules is also crucial, considering that photoexcited
carriers can only be transferred to the adsorbed molecules
when there is a sufficiently large negative offset of the conduc-
tion band minimum (CBM) and a sufficiently large positive
offset of the valence band maximum (VBM) with respect
to the redox potentials. Ma et al. investigated the electronic
properties and photocatalytic activation ofAg

3
PO
4
using first

principles density functional theory (DFT) incorporating the
local density approximation (LDA) + U formalism [24]. It
is found that one PO

4
tetrahedron and three tetrahedral

AgO
4
are combined with each other through the corner

oxygen. The tetrahedral AgO
4
is heavily distorted to have

a dipole moment of 2.2D (D = debye), which should be
closely attributed to a specific nonmetal salt of the oxy-
acid structure of Ag

3
PO
4
. In addition, PO

4

3− ions have a
large negative charge which maintains a large dipole in the
Ag
3
PO
4
, resulting in the distortion of tetrahedral AgO

4
.

As a consequence, a correlation between the photocatalytic
activity and the distortion of AgO

4
tetrahedron is true for a

specific phosphate structure. Meanwhile, PO
4

3− possessing
a large electron cloud overlapping prefers to attract holes
and repel electrons, which helps the e−/h+ separation. The
calculated results show that Ag

3
PO
4
is an indirect band gap

semiconductor; the direct band gap is 2.61 eV and the indirect
band gap is 2.43 eV having the character of 𝜎 or 𝜋 bonding
states in the VB and the corresponding 𝜎∗ or 𝜋∗ antibonding
states in the CB. The effective mass of electrons is far smaller
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products prepared with different aging time: (a) 1 h, (b) 2 h, and (c) 4 h; (d) their ultraviolet-visible diffusive
absorption spectrums [35].

than that of holes, which consequently results in a striking
difference of themobility between photoexcited electrons and
holes. This is beneficial for decreasing the recombination of
electron-hole pairs in Ag

3
PO
4
. In addition, Ag vacancies in

Ag
3
PO
4
with high concentration have a significant effect on

the separation of electron-hole pairs and optical absorbance
in the visible-light region. To explore the mechanism of the
high performance of Ag

3
PO
4
, Umezawa et al. have conducted

a comparative study of the electronic structures of Ag
3
PO
4
,

Ag
2
O, and AgNbO

3
by first principles calculations [32]. The

CBM consisting of Ag s states in Ag
3
PO
4
and Ag d states

in Ag
2
O is the main difference between Ag

3
PO
4
and Ag

2
O,

which is due to the rigid PO
4
tetrahedral unit; partial charge

density originating fromO sp and P sp derived bonding states
is evident in the local density of states (DOS). This increases
the ionic character of Ag+ and (PO

4
)3−, making the covalent

Ag–O bonds weaker. Thus, the hybridization of Ag d and O
p states is negligible in Ag

3
PO
4
, rendering fully occupied d

states at the VBM. On the contrary, covalent Ag–O bonds,
that is, antibonding states of Ag d–O p lying at the CBM are
formed in Ag

2
O. In AgNbO

3
, the majority of the CBM is

composed of Nb d states and the nature of the Ag–O bonding
does not significantly affect the characteristics of the CBM.

In Figure 4, the band structures of Ag
3
PO
4
, Ag
2
O, and

AgNbO
3
are illustrated, accompanied by the wave function

corresponding to the CBM. In Ag
3
PO
4
, the wave function at

the CBM is dramatically delocalized due tomainly consisting
of Ag s states. In contrast, the CBM of Ag

2
O possesses

the character of Ag d–O p antibonding states, which are
unfavorable for electron transfer due to their localization. In
Ag
3
PO
4
, a large amount of hybridization between Ag s states

on adjacent atoms leads to a dispersive band structure at the
CBM without the “contamination” of d states, resulting in
a decreased effective electron mass. In AgNbO

3
, the CBM

mainly composes of 𝑑
𝑥𝑧
and𝑑
𝑦𝑧
states, causing an anisotropic

charge distribution (Figure 4(c)) and allowing electron trans-
fer only along the 𝑧-direction. This anisotropy can also be
found in the band structure, where the dispersion of the CBM
is very dispersive along X-S-Y and flat along S-Γ indicating
the high dependence of the directions. This is undesirable
for photocatalysis process because the limited directionality
of the electron transfer leads to higher probability of carrier
recombination. The CBM of Ag

3
PO
4
has, on the contrary, a

very isotropic distribution and is hence favorable for electron
transfer (Figure 4(a)). The effective mass of the electron
is relatively small in every direction in Ag

3
PO
4
, which is
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Figure 4: (Color) band structures for (a) Ag
3

PO
4
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2

O, and (c) AgNbO
3

.The square of the wave function (yellow surface) corresponding
to the CBM is also shown in each case, where silver, red, mauve, and green particles represent the positions of Ag, O, P, and Nb atoms,
respectively. The isosurfaces are at 0.01 e/Å3 [32].

also advantageous for electron transfer. Thus, the excellent
photocatalytic performance of Ag

3
PO
4
is partly due to the

highly dispersive band structure at the CBM, which results
from Ag s–Ag s hybridization without localized d states.

Using the local density approximation (LDA) and
LDA+U approaches, the calculated band gaps of 0.36 and
1.30 eV are far less than the experimental value of 2.45 eV
due to the missing discontinuity in the exchange-correlation
potential and the self-interaction error within the LDA. To
effectively remedy the drawbacks of LDA and understand
the photocatalytic mechanism, hybrid density functional
theory (DFT) using PBE0 formalism, was used to calculate
the band structure, density of state (DOS), and optical
properties of Ag

3
PO
4
[40]. The hybrid-DFT method gives

a direct band gap, 𝐸gdir = 2.61 eV, and an indirect one,
𝐸gindir = 2.43 eV, which agrees well with the experimental
value (2.45 eV). Compared with the top of valence band
(VB), the bottom of conduction band (CB) is well dispersive,
which indicates that the photogenerated electrons possess
smaller effectivemass and, therefore, highermigration ability.
The redox ability of Ag

3
PO
4
is evaluated by determining

the energy positions of valence and conduction bands using
Mulliken electronegativity and the band gap value calculated
accurately. Figure 5 renders the valence and conduction band
edge potentials of Ag

3
PO
4
. The VBM potential of Ag

3
PO
4
is

2.67V, more positive than O
2
/H
2
O (1.23V), indicating that

Ag
3
PO
4
has the ability to oxidize H

2
O to produce O

2
or
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Figure 5: Calculated VBM and CBM potentials of Ag
3

PO
4

[40].

oxidation pollutants. Whereas the CBM potential of Ag
3
PO
4

is 0.24V, which is lesser than H+/H
2
(0V) and cannot reduce

H+ to H
2
[40]. More recently, Ma et al. investigated the

electronic and photocatalytic properties of Ag
3
PC
4

VI(C = O,
S, Se) by the hybrid density functionalmethod. Similar results
for Ag

3
PO
4
are obtained [41].

5. Visible Light Response Ag3PO4 Based
Composite Photocatalyst

To harvest photons in visible region, many narrow bandgap
metal oxides or chalcogenides have been coupled with TiO

2
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to fabricate visible-light photocatalysts, which exhibit visible-
light photocatalytic activity to a certain extent. Such a strategy
is also applied tomodify Ag

3
PO
4
photocatalyst to enhance its

photocatalytic activity and/or improve its stability.The previ-
ous investigations showed that the photocatalytic activity of
Ag
3
PO
4
can be enhanced as Ag nanoparticles deposited on

Ag
3
PO
4
because the Ag

3
PO
4
decomposition could capture

the photogenerated electrons and thus prevent the recom-
bination of electron-hole pairs within the Ag

3
PO
4
samples

at the initial stage of photocatalytic reactions. However,
the photoactivity decreases with increasing Ag contents due
to the formation of Ag layers on the surface of Ag

3
PO
4

that shield light absorption, inhibit the transfer of holes
from the valance band of Ag

3
PO
4
to the interface between

photocatalyst, and solution and also hinder the contact of dye
molecules with Ag

3
PO
4
, and, accordingly, the photocatalytic

activity deteriorates gradually [34]. This deterioration of the
Ag
3
PO
4
photocatalytic activity due to photocorrosion largely

limits its practical application as a recyclable highly efficient
photocatalyst. It is found that the Ag/Ag

3
PO
4
heterocubes

synthesized by reacting Ag
3
PO
4
cubes with glucose in an

aqueous ammonia solution exhibit higher photocatalytic
activities than pure Ag

3
PO
4
cubes for the organic con-

taminants degradation under visible-light irradiation [26].
The stability improvement of Ag

3
PO
4
by covering Ag0

nanoparticles on the surface of Ag
3
PO
4
is attributed to

the localized surface plasmon resonance (LSPR) effects of
silver nanoparticles and a large negative charge of PO

4

3−

ions [2, 27], which effectively inhibit the reducibility of Ag+
ions in the Ag

3
PO
4
lattice. Ag

3
PO
4
can also be rejuvenated

from weak photocatalytically active Ag as a recyclable highly
efficient photocatalyst by oxidizing Ag with H

2
O
2
under a

PO
4

3− ion atmosphere [29]. However, these strategies are not
ideal from the practical application perspective. Thus, the
fabrication of Ag

3
PO
4
based composite photocatalysts with

high photocatalytic activity and excellent stability as well as
lower Ag usage for their large scale applications is desirable.

Yao et al. synthesized Ag
3
PO
4
/TiO
2
visible light pho-

tocatalyst by depositing of Ag
3
PO
4
nanoparticles onto the

TiO
2
(P25) surface photocatalyst [42]. Their results show

that the Ag
3
PO
4
/TiO
2
heterostructured photocatalyst shows

enhanced activity and is muchmore stable than unsupported
Ag
3
PO
4
. The enhanced activity is attributed to the electron-

hole effective separation and the larger surface area of
the Ag

3
PO
4
/TiO
2
composite, while the enhanced stability

is ascribed to the chemical adsorption of Ag+ cations in
Ag
3
PO
4
and O− anions in TiO

2
. Moreover, the silver weight

percentage of the photocatalyst decreases from 77% to 47%,
significantly reducing the cost of Ag

3
PO
4
based photocata-

lysts for the Ag
3
PO
4
/TiO
2
composite [42].

The UV photocatalytic activity of Ag
3
PO
4
/TiO
2
com-

posite heterostructures was comparable to that of Ag
3
PO
4

nanoparticles surfaces. While the stability and hence reus-
ability of the Ag

3
PO
4
/TiO
2
heterostructure catalysts was

substantially enhanced as compared with that of Ag
3
PO
4

nanoparticles or TiO
2
nanobelts alone. These results were

attributed to the improved charge separation of the pho-
togenerated electrons and holes under UV light at the

Ag
3
PO
4
/TiO
2
interface and/or surfactant-like function of

the nanobelts in stabilizing the Ag
3
PO
4

nanoparticles.
Ag
3
PO
4
/TiO
2
composite heterostructures appear to be more

desirable in long-term applications because of their photocat-
alytic activity as well as the enhanced chemical stability [33].

Considering that the VB level of Ag
3
PO
4
is appreciably

lower than that of TiO
2
with +2.7V (versus NHE) and

Ag
3
PO
4
can be severed as an appropriate sensitizer for TiO

2
,

Lee et al. fabricated the novel heterojunction structures of
Ag
3
PO
4
-core/TiO

2
-shell by covering the Ag

3
PO
4
nanopar-

ticles with polycrystalline TiO
2
by sol-gel method. The

prepared Ag
3
PO
4
/TiO
2
composites show notably enhanced

photocatalytic activity in decomposing gaseous 2-propanol
and evolving CO

2
compared to bare Ag

3
PO
4
and TiO

2
. It is

inferred that the unusually high visible-light photocatalytic
activity of Ag

3
PO
4
/TiO
2
composite originates from the

unique relative band positions of the two semiconductors
[43].

Besides Ag
3
PO
4
/TiO
2
composite heterostructures, AgX/

Ag
3
PO
4
(X=Cl, Br, I) heterocrystals have also attracted much

attention due to the excellent photocatalytic activity. Bi and
coworkers [44] have reported that the AgX/Ag

3
PO
4
(X=Cl,

Br, I) heterocrystals prepared by in situ ionexchange method
embodied some advantages compared to the single Ag

3
PO
4
,

and it is amore promising and fascinating visible-light-driven
photocatalyst than pure Ag

3
PO
4
[45]. The AgBr/Ag

3
PO
4

hybrid synthesized using an in situ anion-exchange method
displayed much higher photocatalytic activity than single
AgBr or Ag

3
PO
4
, as well as high stability under visible

light irradiation. The high stability was attributed to the
formed Ag@AgBr/Ag

3
PO
4
@Ag plasmonic system, which

effectively retains its activity due to the efficient transfer of
photoinduced electrons [45].

6. Conclusion and Perspectives

In this paper, we have summarized the survey of efforts
on Ag

3
PO
4
photocatalysts. As a quintessence, for example,

Ag
3
PO
4
photocatalysts have excellent photocatalytic activity

and yield a high quantum yield of nearly 90% under visible
light (𝜆 = 420 nm) found for the evolution of O

2
in water

photolysis [23]. All of the developments show that Ag
3
PO
4

and/or its heterogeneous composites have the potential as
excellent visible-light-active candidates with high photocat-
alytic activity. However, to comply with the challenging
requirements of economically viable industrial production,
many issues are still yet to be addressed, including long-
term stability of Ag

3
PO
4
in photocatalytic processes. New

methods for fabrication Ag
3
PO
4
with exposed high-energy

facets and novel heterogeneousAg
3
PO
4
cocatalysts are highly

desirable. To date, there have been relatively few quantitative
studies in the charge carrier dynamics in Ag

3
PO
4
and/or

its cocatalysts systems, how these dynamics are related to
material design, and how they impact the photocatalytic
processes. In heterogeneous systems, a particular challenge
is that electron-hole recombination is a bimolecular pro-
cess, which its dynamics often depend nonlinearly on the
charge carrier density and so cannot be described using
a single time constant. Therefore, obtaining a substantial
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breakthrough in efficiency requires an exact understanding
of the surface/interface processes at the atomic scale. A true
picture of photocatalyst surfaces in action, including such
recombination dynamics, needs to be studied by in situ
observations using transient optical spectroscopy techniques.
A further challenge is translating laboratory-scale academic
research into scalable, manufacturable technologies to meet
the demands of the efficient utilization of solar energy in the
areas of renewable energy and environmental purification.
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Most recently, manganese oxides nanomaterials, including MnO and MnO
2

, have attracted great interest as anode materials in
lithium-ion batteries (LIBs) for their high theoretical capacity, environmental benignity, low cost, and special properties. Up to
now, manganese oxides nanostructures with excellent properties and various morphologies have been successfully synthesized.
Herein, we provide an in-depth discussion of recent development of the synthesis of manganese oxides nanomaterials and their
application in the field of LIBs.

1. Introduction

Nanomaterials, having a length scale less than 100 nm,
have received increasing interest owing not only to their
fundamental scientific significance but also to the potential
applications that derive from their fascinating electrical,mag-
netic, and catalytic properties [1]. Compared to bulk active
electrodematerials, the corresponding nanomaterials possess
more excellent electrochemical activity, such as higher capac-
ities, larger surface areas, and lower current densities, thereby,
nanomaterials have wildly potential application in electro-
chemistry field. Manganese oxides, including MnO, MnO

2
,

and Mn
3
O
4
, are intriguing composites and have been used

in wastewater treatment, catalysis, sensors, supercapacitors,
and alkaline and rechargeable batteries [2–6]. Particularly,
MnO and MnO

2
nanomaterials have attracted great interest

as anode materials in lithium-ion batteries (LIBs) for their
high theoretical capacity, low cost, environmental benignity,
and special properties [7–9].

It is known that the phases, sizes, and morphologies of
nanomaterials have great influence on the properties and
applications; therefore, many research efforts have focused
on rational control of phase, shape, size, and dimensionality
of nanomaterials [14]. Several novel and effective routes
have been devoted to prepare manganese oxides nanoma-
terials with various shapes and excellent properties, such
as hydrothermal method [15–18], sol-gel synthesis [19], wet

chemical route [12, 20, 21], pulsed laser deposition method
[22], and precursor technique [23]. Moreover, lots of suc-
cesses on the properties and applications of manganese
oxides nanomaterials have been reported in the last few
years, for example, a hydrothermal method has been used
to synthesize sea urchin shaped 𝛼-MnO

2
[24]; Wu et al.

have prepared 𝛾-MnO
2
hexagon-based layer-cake-like and

intertexture-like nanoarchitectures via a hydrothermal route
[25]; Liu and coworkers have found MnO

2
nanoparticle-

enriched poly(3,4-ethylenedioxythiophene) nanowires that
could maintain high specific capacitance at high charge-
discharge rates [26]. Thus, it is necessary to review the
development of manganese oxides nanomaterials to keep
the readers abreast of the rapid development. In this paper,
we review the synthesis of manganese oxides nanomaterials
with various morphologies and their application on LIBs;
furthermore, the future prospects have also been discussed.

2. Synthesis of Manganese
Oxide Nanomaterials

2.1. Synthesis ofMnO
2
Nanomaterials. It is known thatMnO

2

can exist in different structural forms, 𝛼-, 𝛽-, 𝛾-, 𝛿-, 𝜀-
and 𝜆-types and so forth, when the basic structural unit
([MnO

6
] octahedron) is linked in different ways. Based on

the different [MnO
6
] links, MnO

2
can be divided into three
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Figure 1: (a) TEM image of 𝛼-MnO
2

nanowires and (b) SEM image of 𝛼-MnO
2

nanotubes [10, 11].

categories: the chain-like tunnel structure such as 𝛼-, 𝛽-, and
𝛾-types, the sheet or layered structure such as 𝛿-MnO

2
, and

the 3D structure such as 𝜆-type [27].The properties of MnO
2

are significantly affected by their phases and morphologies;
moreover, the operating properties of LIBs also depend on the
phase ofMnO

2
. In this regard, a great effort has been directed

toward the preparation of MnO
2
with different phases and

various shapes [28]. Generally, MnO
2
nanostructures could

be synthesized through the oxidation of Mn2+, reduction of
MnO
4

−, redox reactions betweenMn2+ andMnO
4

−, or direct
phase transformation from other manganese oxides.

1D MnO
2
may provide the possibility of detecting the

theoretical operating limits of LIBs, so various 1D MnO
2

nanomaterials have been synthesized [29, 30]. Chen et al.
have synthesized MnO

2
with different crystal structures

(𝛼-, 𝛾-) and morphologies via quick precipitation of Mn2+
and Mn7+ in water isopropanol without using templates or
surfactants [31]. In a typical synthesis, MnCl

2
(0.18 g) mixed

with isopropanol (50mL) was heated to 83∘C in a refluxing
process, and then KMnO

4
(0.10 g) dissolved in DI water

(5mL) was added to the solution. Finally, MnO
2
nanoneedles

were obtained. Singly-crystal nanowires of 𝛼- and 𝛽-MnO
2

have been prepared in a hydrothermal procedures employing
Mn2+ with oxidizing reagents such as (NH

4
)
2
S
2
O
8
orKMnO

4

[28, 32]. Ma group have used a hydrothermal method for
MnO
2
nanobelts, which have narrow size dispersions and can

be self-assembled into bundles [6]. In a typical procedure,
Mn
2
O
3
powders (2 g) were dispersed in NaOH aqueous

solution (10mol⋅dm−3), and then the solution was sealed and
heated at 170∘C for 12 h to 1 week. Sui et al. have synthesized
𝛼-MnO

2
nanowires and 𝛽-MnO

2
nanorods via molten salt

method [10]. In the synthesis, KNO
3
, NaNO

3
, and LiNO

3

are applied as the reaction media. 𝛼-MnO
2
is a (2 × 2) and

(1 × 1) tunnel structure, and large ions (K+) are needed to
support the framework; thus, KNO

3
is used as molten salt

to prepare 𝛼-MnO
2
nanomaterials (Figure 1(a)). 𝛽-MnO

2

is a (1 × 1) tunnel structure, so a mixture of NaNO
3
and

LiNO
3
with smaller cation is selected. Zheng et al. have

prepared 𝛽-MnO
2
nanotubes using MnSO

4
as reagent, PVP

as morphology directing agent and NaClO
3
as oxidant [33].

𝛼-MnO
2
nanotubes have been synthesized by a hydrothermal

treatment of KMnO
4
in HCl solution [11]. As shown in

Figure 1(b), the obtained nanotubes have an average outer
diameter of 100 nm and the wall thickness of 30 nm, and the
length is up to several microns. It is found that the nanotubes
are formed via solid nanorods involving in chemical etching
process.

Other special shapes, such as nanowalls [34], nan-
odisks [35], urchin-like nanoballs [27], multipods [36], and
nanosheets [37], have been fabricated. Some successes dis-
cussed above can be summarized in Table 1.

Compared to 1D/2D nanostructures, 3D MnO
2
hierar-

chical structures often produce more active sites or possess
more interesting properties, so great interests have been
given to well-defined MnO

2
architectures with controlled

crystal structures [38]. Six-branched 𝜀-MnO
2
architectures

have been synthesized via an aqueous chemical route without
any organic templates (Figure 2(a)).The growth rate along the
six-fold c-axis is faster than along the other axes for the crystal
structure of 𝜀-MnO

2
, which results in the elongated twinned

pyramidal shape of the crystals. Consequently, the edges of
the adjacent facets of the pyramid become the nucleation
sites, and the sprouted branches form the central core [13].
Jana et al. have used a green method for the synthesis of
hierarchical flower-like Ag-doped𝛽-MnO

2
nanostructures at

300K.As displayed in Figure 2(b), the flowery nanostructures
are composed of tiny nanopetals (500 nm in diameter and
1.25 𝜇m in length) [12]. Fei group have reported a controlled
synthesis of hollow microspheres and microcubes of hier-
archical MnO

2
superstructures using MnCO

3
crystals as

the templates [39]. MnCO
3
microspheres and microcubes

are synthesized by the reaction of MnSO
4
and NH

4
HCO
3
,

and MnO
2
hollow microspheres and microcubes are pre-

pared by mixing KMnO
4
and the solid MnCO

3
crystals. In
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Table 1: Synthesis of MnO2 with different morphologies.

Method Morphology Size Year

Molten salt route Nanowires
Nanorods

Length of several microns and diameter of 15–30 nm
Length of 500 nm–2 𝜇m and diameter of 20–40 nm 2009 [10]

Hydrothermal method Urchin-like
nanoballs Diameter of 1 𝜇m 2010 [27]

Microemulsion method Nanodisks Size of 1-2 𝜇m and thickness of 50–100 nm 2007 [35]
Hydrothermal method Nanotubes Outer diameter of 100 nm, wall thickness of 30 nm, and length of several microns 2008 [11]
Hydrothermal method Multipods The legs of the multipods are 200–600 nm in width and several microns in length 2006 [36]

the synthesis, a microscale Kirkendall effect is used for
the synthesis of hollow microstructures. Other hierarchical
architectures with novel morphologies have also been pre-
pared [20, 40–44], such as 𝜆-MnO

2
nanodisks assembled

from nanoparticles via a novel wet chemical route [20] and
MnO
2
microspheres composed of nanodisks [41].

2.2. Synthesis of MnO Nanomaterials. MnO, a simple binary
metal oxide, has an Fm-3m rock-salt structure with a lattice
constant of 4.445 Å at 300K and has attracted strong interest
for its application as catalysts [45], contrast enhancement for
magnetic resonance imaging (MRI) [46], and LIBs materials
[47]. Currently, several methods have been developed for
the fabrication of MnO nanostructures with well-controlled
shapes, such as nanocrystals [48], nanofibers [49], and
nanosheets [50]. MonodisperseMnOnanocrystals have been
synthesized by thermal decomposition of manganese oleate
using the hot-injection method or thermal decomposition of
manganese acetate in the presence of oleic acid [51, 52]. Park
et al. have preparedMnOnanospheres (sizes of 5–40 nm) and
nanorods (diameters of 7–10 nm and lengths of 30–140 nm)
by the thermal decomposition of Mn-surfactant complexes
[53]. Nanoscale MnO octahedrons have been prepared by
decomposing manganese oleate in octadecene and S at high
temperature [54]. Xie and coworkers have fabricated super-
crystals (SCs) assembled of octahedral MnO nanocrystals
(NCs) [55]. In the synthesis, octahedral MnO NCs are
synthesized by thermal deposition ofMn(OOC

2
H
5
)
2
assisted

by a mixed solvent of TOA and OA, and then microscale
cubic SCs built by NCs are created via direct crystallization
in ethanol (Figures 3(a) and 3(b)). Other unusual shapes,
such as nanoclusters, nanocube, and nanoflake, have also
been fabricated [56–59]. Besides rock-salt structure, MnO
has another crystal structure, which is hexagonal wurtzite.
Nam et al. have reported the synthesis of wurtzite MnO
on a carbon template, which may offer an extra degree of
freedom in the design of sensors and energy storage devices
(Figure 3(c)) [60, 61].

Hybrid nanostructures consisting of two or more differ-
ent functional units possess novel and enriched properties
for magnetic, optical, and catalytic applications. As to MnO,
several hybrid nanomaterials have been fabricated, such
as porous C-MnO disks, MnO/C nanotubes, MnO/SiO

2

core-shell nanoparticles, and MnO/C core-shell nanoplates
[16, 62–64].

3. Applications of Manganese
Oxide Nanomaterials on Lithium-Ion
Batteries (LIBs)

Lithium-ion batteries (LIBs) are regarded as a promising
rechargeable power sources for hybrid electric vehicles
(HEVs) and portable electronic devices for their high specific
capacity, long cycle life, and lack of memory [65]. Electrode
materials play an important role in the performance of
LIBs. It was found that transition metal oxides nanoma-
terials are very appealing anode materials owing to their
higher theoretical capacities than that of commercial graphite
(372mA⋅h⋅g−1) [66]. Among them, nanoscales MnO and
MnO
2
have attractedmore andmore attention due to the high

theoretical capacities, environmentally benign, low cost, and
special properties.

Zhao et al. have synthesized nanoporous 𝛾-MnO
2
hollow

microspheres and nanocubes with high initial capacities and
excellent cycle performance in LIBs. The 𝛾-MnO

2
archi-

tectures provide more possibility to serve as an ideal host
material for the insertion and extraction of lithium ions
for the nanoporous structure. After 20 cycles, the capacities
of the 𝛾-MnO

2
microspheres and nanocubes are 602.1 and

656.5mA⋅h⋅g−1 [67]. Interconnected porousMnOnanoflakes
have been prepared on Ni foam. The obtained nanoflakes
retain a capacity of 708.4mA⋅h⋅g−1 at the 200th charge-
discharge cycle after cycling with different current densities
up to 2460mA⋅g−1 and deliver a capacity of 376.4mA⋅h⋅g−1
at 2460mA⋅g−1. The special morphology of the porous
MnO nanoflake affected its electrochemical property: (I) the
nanomaterials have a large specific area and offer a large
material/electrolyte contact area; (II) the structure can supply
enough space to buffer the volume change caused by the
electrochemical reaction; (III) the nanosize of flakes leads
to a shortened electronic and ionic transport length [59].
In addition, Chen et al. have reported the best cycle perfor-
mance of MnO anode material, which deliver a capacity of
650mA⋅h⋅g−1 after 150 cycles at 35.5mA⋅g−1 [68].

Despite the above successes, there are still many chal-
lenges in using MnO

2
and MnO as anode materials for

LIBs, such as poor cycling performance and poor electri-
cal conductivity. It has been demonstrated that electrode
materials with a deliberately designed nanostructure can
partly accommodate the strains of Li+ intercalation and de-
intercalation [62]. The electrical conductivity of manganese
oxide can be enhanced by mixing them with electrolytes
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(a)

2 𝜇m

(b)

Figure 2: (a) SEM image of hierarchical 𝜀-MnO
2

architectures, the inset is high-magnification SEM image of one architecture, and (b) SEM
image of hierarchical flower-like Ag-doped MnO

2

nanostructures [12, 13].

(a) (b)

Wurtzite MnO

Carbon sphere

200 nm

(c)

Figure 3: (a) SEM image of disperse MnO octahedral NCs, (b) SEM image of well-oriented MnO SCs, and (c) TEM image of hexagonal
wurtzite MnO on the carbon sphere template [55, 61].

[69]. For instance, amorphous MnO
2
in a mild KCl aqueous

electrolyte has been proved to be an excellent electrode for the
faradaic electrochemical capacitor [70]. More importantly, a
common strategy for improving the poor electrical conduc-
tivity is combining them with carbon to form composites.
After Raymundo-Piñero et al. have studied the electrical
conductivity and the capacity of the manganese oxide/C
nanotubes composites for the first time, several groups have
researched the electrical conductivity of different MnO/C
composites [71]. For example, MnO/C core-shell nanoplates
with a C-shell thickness of about 8.1 nm display a high
reversible capacity of 770mA⋅h⋅g−1 at 200mA⋅g−1 [60]. C-
MnO disks exhibit a capacity of 534.6mA⋅h⋅g−1 after 250
cycles at a relatively high current density of 1000mA⋅g−1.
The high capacity and excellent cycling stability can be
attributed to the assembled nanoarchitecture including 3D
interconnected nanopores, carbon modification, and the
small particle sizes of MnO nanocrystals [64]. Porous
MnO/C nanotubes can deliver a reversible capacity as high as
763.3mA⋅h⋅g−1 after 100 cycles at a charge/discharge current

density of 100mA⋅g−1. The superior cyclability and rate capa-
bility are attributed to the hollow interior, porous structure,
1D structure, and the uniformly dispersed carbon in the
porous MnO/C nanotubes [16]. MnO/C nanoparticles have a
reversible capacity of 470mA⋅h⋅g−1 after the 50th cycle, when
tested at 75mA⋅g−1 [72]. Additionally, it has been found that
nanopainting metal oxides with a thin layer of conducting
polymers can improve their lithium storage capabilities.
Xiao et al. have synthesized porous spheres assembled from
polythiophene-coated MnO

2
nanosheets. The electrochem-

ical measurements show that the obtained nanocomposites
can deliver a capacity of 500mA⋅h⋅g−1 after 100 cycles at a
current density of 500mA⋅g−1. The high-rate lithium storage
capability of the nanocomposites might be explained by
the special structure: (I) the ultrathin nanosheets entail a
high effective electrolyte/electrode contact area and a short
solid-state diffusion length of Li+ ions; (II) the mesopores
enable fast ionic transport throughout the electrode; (III)
the hierarchical structure is beneficial for the stability of
the electrode; (IV) the polythiophene “nanopaint” not only
enhances the electrical conductivity but also acts as a buffer



Journal of Nanomaterials 5

layer for the large volume change and drastic structural or
textural alterations during charge/discharge cycling [73].

4. Conclusions

In summary, we have briefly reviewed the recent development
of manganese oxide nanomaterials. In the near future, we
will face some challenges in spite of the successes discussed
above. For instance (I) manganese oxide nanomaterials have
recently been synthesized in the labs, and they should be
applied in industry. Therefore, we should explore simple
and effective methods for the synthesis of manganese oxide
nanomaterials with high surface areas and good dispersity,
and (II) the application of manganese oxide in the field of
electrochemistry is still in its infancy; moreover, some data
and conclusions are controversial. Thus, the electrochemical
mechanism of manganese oxide nanomaterials should be
deeply understood. In short, we hope that this paper will not
only show the development of manganese oxide nanomateri-
als but also give the readers some inspiration to explore novel
routes for the synthesis of manganese oxide nanomaterials.
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The transmission characteristics of the electromagnetic wave are numerically investigated in two-dimensional compound
plasmonic structures composed of two straight subwavelength metal-insulator-metal (MIM) waveguides and a ring resonator. The
two straight MIM waveguides situate on both sides of the ring resonator, and the MIM waveguide of the outgoing side has a
positional angular deviation 𝜃 relative to theMIMwaveguide of the incoming side.The results show that the filtering performances
of the asymmetric structures (𝜃 ̸= 0∘) are greatly improved in comparison with the symmetric structure (𝜃 = 0∘). For most of the
asymmetric structures, there is a transmission minimum at the slightly bigger wavelength than one at which the transmission peak
appears for the symmetric structures, and there is still a transmission peak at thewavelength of the transmission peak of the symmet-
ric structures. Moreover, the difference between the transmission peak and valley is increased, and the breadth of the transmission
peak becomes narrow.

1. Introduction

Surface plasmon polaritons (SPPs) are p-polarized optical
surface waves that propagate along a metal-dielectric inter-
face with fields that peak at the interface and decay exponen-
tially away into both sides [1]. However, the single metal-di-
electric interface SPP, characterized by high attenuation and
low confinement, limits the scope for applications. To date,
one of the most practical ways of enhancing the SPP confine-
ment is to use a metal-insulator-metal (MIM) subwavelength
waveguide structure, along which a symmetrically coupled-
SPP mode can propagate. This provides us an avenue to
concentrate and channel light with subwavelength structures
and develop practical nanophotonic devices for future infor-
mation technologies. Thus, some novel plasmonic elements
based on MIM waveguide structures have been proposed,
such as bends and splitters [2], Y-shaped combiners [3],
Mach-Zehnder interferometers [4, 5], Bragg reflectors [6,

7], directional couplers [8, 9], and tooth-shaped plasmonic
waveguide filters [10].

Recently, Wang and his coworkers [11] have investigated
two-dimensional (2D) compound plasmonic structures com-
posed of two straight MIM waveguides with a ring resonator.
Their result shows that some transmission resonance peaks
appear at some specific wavelengths which meet the reso-
nance conditions in the ring. However, the discussed com-
pound structure in their work is symmetric; that is, both of
the two MIM straight waveguides are located symmetrically
at both sides of the ring resonator. This suggests that even
if the resonance condition has not been satisfied, optical
wave will still have not low transmission. Therefore, if the
symmetrical distribution is broken, the properties of the
optical transmission through this kind of asymmetric struc-
ture can present more novel features, and then the filter-
ing performance will be greatly improved. In this work,
we will mainly discuss the transmission characteristics of
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the asymmetric structure based on MIM plasmonic waveg-
uides with a ring resonator.

2. Model and Method

Figure 1 shows schematically a 2D subwavelength plasmonic
waveguide filter composed of two straight MIM waveguides
and a ring resonator. The two MIM waveguides situate on
both sides of the ring resonator, and the MIM waveguide
of the outgoing side (waveguide II) has a positional angular
deviation 𝜃 relative to the MIM waveguide of the incoming
side (waveguide I). All the widths of the slits in the two MIM
waveguides and the width of the ring are 𝑤 = 50 nm. The
radius of the ring is 𝑟, which is the average of the inner radius
𝑟
𝑖
and the outer radius 𝑟

𝑎
, 𝑟 = (𝑟

𝑎
+ 𝑟
𝑖
)/2. The medium of the

the slits and the ring (white area) is assumed to be air whose
relative permittivity 𝜀

𝑑
is set to be 1. The metal (gray area)

is chosen to be silver, whose frequency-dependent relative
permittivity obeys theDrudemodel as 𝜀

𝑚
(𝜔) = 𝜀

∞
−𝜔
2

𝑝

/(𝜔
2

+

𝑖𝛾𝜔). Here 𝜀
∞
= 4.2 is the high-frequency bulk permittivity,

𝜔
𝑝
= 1.346 × 10

16 rad/s is the bulk plasmon frequency, 𝛾 =
9.617 × 10

13 rad/s is the damping factor, and 𝜔 is the angular
frequency of the incident electromagnetic radiation [12].

The 2D finite-difference time-domain (FDTD) method
[13] is employed to simulate and calculate the optical trans-
mission through these gratings. In our simulation, the spatial
mesh steps are set Δ𝑥 = Δ𝑧 = 5 nm and the time step is set
Δ𝑡 = Δ𝑥/2𝑐 (𝑐 is the velocity of light in the air), and the cal-
culated region is truncated by usingMur boundary condition
on all the boundaries. Only normally incident p-polarized
waves are considered here, implying that the magnetic field
(𝐻) is along the 𝑦 direction. Two power monitors are set at
the locations Port-1 and Port-2, far from the ring 150 nm, to
detect the incident and the transmission fields for calculating
the incident power of 𝑃in and the transmitted power of 𝑃out,
respectively. The transmittance is defined to be 𝑇 = 𝑃out/𝑃in.

3. Simulation Results and Discussion

Firstly, we initialized the radius of the ring 𝑟 = 155 nm and
studied the effect of the positional angular deviation 𝜃 on
transmission spectrum of the structure. Figure 2 displays the
calculated transmission spectra of the structure with dif-
ferent 𝜃 (0∘, 30∘, 45∘, 60∘, and 90∘) at the range from 400 nm
to 1800 nm, respectively. In Figure 2, one can find the follow-
ingmain features. First, the transmission spectra of the asym-
metric structures (𝜃 ̸= 0∘) are almost the symmetric structure
(𝜃 = 0

∘

), and the transmittances of symmetrical structure are
approximately maxima at all the wavelength range. Second,
when 𝜃 = 0∘, there are three transmission maxima cor-
responding to 457 nm, 665 nm, 1235 nm and two minima
located at 523 nm and 861 nm. However, these transmission
minima are still relatively high and greater than 0.5, even the
difference between the transmission peak and valley is only
about 0.4. Third, for the most of the asymmetric structures
(𝜃 ̸= 0

∘

), a transmission minimum appears at the slightly
bigger wavelength than one at which the transmission peak

𝑤
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𝑤
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Figure 1: Schematic of the MIM plasmonic waveguide with a ring
resonator.
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Figure 2: (Color Online) Transmission spectra of the MIM plas-
monic waveguide with a ring resonator and different 𝜃 for 𝑟 =
155 nm.

appears for the symmetric structure (𝜃 = 0∘), and some of
these transmission minima are almost reduced to zero. For
example, the transmission minima are almost zero at wave-
lengths 488 nm and 697 nm for 𝜃 = 30∘, 483 nm and 702 nm
for 𝜃 = 45∘, 478 nm and 1367 nm for 𝜃 = 60∘, and 683 nm and
1332 nm for 𝜃 = 90∘. Fourth, for the most of the asymmetric
structures (𝜃 ̸= 0∘), there is still a transmission peak at the
peak wavelength of the symmetric structure (𝜃 = 0∘), but the
transmittance becomes smaller. Here, it should be pointed
out that the transmittance at wavelength about 1200 nm
decreases gradually as the positional angular deviation 𝜃
increases from0∘ to 90∘. Finally, just because of the above two,
when 𝜃 ̸= 0∘, the breadth of the transmission peak becomes
narrow and the difference between the transmission peak and
valley is increased apparently. For example, when 𝜃 = 45∘,
transmission maximum at wavelength 1206 nm is about 0.77,
while the transmission minima at wavelengths 702 nm and
1367 nmare about 0.002 and 0.1, respectively, so the difference
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between the transmission peak and valley increases to about
0.7.

It is very clear that the transmission characteristics of
these above MIM plasmonic waveguide structures with a
ring resonator mainly depend on two kinds of factors: one is
electromagnetic wave resonance effect of the ring cavity, and
the other is the relative positions of two MIM waveguides I
and II on both sides of the ring. It is known that the resonating
wavelength of a ring resonator can be obtained theoretically
by the following equation:

𝑛eff ⋅ 2𝜋𝑟 = 𝑁 ⋅
𝜆

2

, (1)

where 𝑛eff is the effective index of the coupled-SPP mode in
the ring, 𝜆 is vacuum wavelength of the incident wave, andN
is mode number. Because the light channel in the ring can be
approximated as arc-shapedMIMwaveguide, for p-polarized
case, 𝑛eff can be approximately calculated by the following
[14]:

𝜀
𝑑

√𝑛
2

eff − 𝜀𝑚

𝜀
𝑚

√𝑛
2

eff − 𝜀𝑑

=

1 − exp (𝑤√𝑛2eff − 𝜀𝑑)

1 + exp (𝑤√𝑛2eff − 𝜀𝑑)
. (2)

Secondly, in order to show electromagnetic wave reso-
nance effect of ring cavity, we calculated the electromagnetic
field distribution of the three transmission maxima and two
minima of the symmetric structure (𝜃 = 0∘). Figures 3(a) and
3(c) depict the contour profiles of fields |𝐻

𝑦
| for transmission

maxima at 1235 nm and 665 nm, respectively. According to
(1) and (2), transmission maxima at wavelength 1235 nm
and 665 nm correspond to the even order resonant mode of
𝑁 = 2 and 4, respectively. At the same time, joints between
the ring cavity and two straight MIM waveguides are antin-
odes, and there is a higher magnetic field intensity in two
straightMIMwaveguides. It indicates that even-order waveg-
uide resonances in the ring can lead to efficient coupling of
the incident electromagnetic wave from MIM waveguide I
through the ring cavity into MIM waveguide II. On the con-
trast, in Figures 3(b) and 3(d), themagnetic field distributions
of transmissionminima at 861 nm and 523 nm in the ring also
produced a typical standing wave pattern, but the resonant
mode numbers inside the ring are odd, such as𝑁 = 3 and 5.
Because theMIMwaveguide I and II symmetrically locate on
both sides of the ring, the magnetic field distribution at joints
of ring resonator with two straight MIM waveguide will be
different: one is a node, and another is an antinode.Therefore,
in such odd-order resonance condition, the incident electro-
magnetic wave from MIM waveguide I is strongly reflected
back by the ring cavity, and the electromagnetic energy flow
coupled into the ring cavity is relatively low.However, because
the structure is symmetric, resulting in equivalent optical
path in the ring, a certain optical transmission can be still
maintained. Between the wavelength range of the maximum
and minimum transmissions as the above mentioned, we
can speculate that electromagnetic wave in the ring will not
form a stable resonance (including even-order and odd-order
resonance), and the optical transmission will vary between
the maximum and minimum transmission.

Thirdly, we investigated the reason why there is a trans-
mission minimum for most of the asymmetric structures
(𝜃 ̸= 0

∘

) at the slightly bigger peak wavelength than one at
which the transmission peak appears for the symmetric struc-
ture (𝜃 = 0∘). In addition, we also calculated the electromag-
netic field distribution corresponding to the transmission
minima. Figures 4(a)–4(c) depict the field distributions of
|𝐻
𝑦
| for the asymmetric structure with 𝜃 = 45∘ at the

transmission minimum wavelengths 1367 nm, 702 nm, and
483 nm, respectively. In Figure 4, one can find that the typical
standing wave patterns formed in the ring and the antinode
number inside the ring are even, which suggests that these
wavelengths, respectively, correspond to the resonant modes
for 𝑁 = 2, 4, and 6. However, the two straight MIM wave-
guides are asymmetric to the ring cavity, so themagnetic field
distribution is different at the two joints. The joint with the
waveguide I locates in the range of the magnetic antinode
of standing wave in the ring resonator (not strictly on the
location of the maximum of the magnetic intensity), so the
magnetic field intensity at the joint is relatively strong. On
the contrary, the magnetic field intensity at the joint with the
waveguide II is weaker, just because the joint is the magnetic
nodes of the standing wave. Therefore, only little electro-
magnetic wave of that joint can enter into the straight MIM
waveguide II, resulting in a very low transmission. According
to the relation between the positional deviation angle 𝜃 and
the position of the magnetic nodes of the standing wave, it is
not hard to forecast that the transmittance of the asymmetric
structure with 𝜃 = 45∘ for the 𝑁 = 4 resonance mode could
be close to zero, because the joint of the waveguide II and the
ringmay be locate at themagnetic nodes of the standingwave.
Figures 2 and 4(b) can further confirm this point.

Fourthly, we also calculated the electromagnetic field dis-
tribution corresponding to the transmission maxima of the
asymmetric structures (𝜃 ̸= 0∘). Figures 5(a)–5(c) show the
contour profiles of magnetic field intensity |𝐻

𝑦
| at wave-

lengths 1206 nm (𝑁 = 2 mode) for 𝜃 = 45∘, 648 nm (𝑁 =
4 mode) for 𝜃 = 30∘, and 457 nm (𝑁 = 6mode) for 𝜃 = 90∘,
respectively. In these pictures, one can see that magnetic
field distribution of these transmission maxima has the same
characteristic that the magnetic field intensities in the joints
of the ring cavity with two straight MIM waveguides are rel-
atively strong. All the joints are nearby antinodes of standing
wave in the ring, which indicates that more electromagnetic
wave from straightMIMwaveguide I can couple into the ring
cavity and enter into the straight MIM waveguide II.

Finally, we studied the influence of the radius of the ring
on the wavelengths of the resonant mode. Figure 6 shows the
transmission spectra corresponding to the rings with radii
𝑟 = 135 nm, 155 nm, and 175 nm for the symmetric structure
(𝜃 = 0

∘

), respectively. As shown in Figure 6, the transmission
peaks exhibit red shift as the radius increases. This result can
be explained in terms of (1) and (2). According to (2), when
𝜀
𝑑
and 𝑤 are fixed, 𝑛eff changes little as 𝜆 increases in the

considered wavelength region. Consequently, 𝜆 will increase
as 𝑟 increases in terms of (1). In addition, we also calculated
the transmission spectra of the MIM plasmonic waveguide
with a ring resonator of different radius for different 𝜃.
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Figure 3: (Color Online) The contour profiles of magnetic field intensity |𝐻
𝑦

| at maximum and minimum wavelengths for the symmetric
structure (𝜃 = 0∘). (a) and (c) are atmaximumwavelengths 1235 nm and 665 nm, respectively. (b) and (d) are atminimumwavelengths 861 nm
and 523 nm, respectively.
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Figure 4: (Color Online) The contour profiles of magnetic field intensity |𝐻
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| at minimum wavelengths for the asymmetric structure with
𝜃 = 45

∘. (a), (b), and (c) are at wavelengths 1367 nm, 702 nm, and 483 nm, respectively.

The result shows the transmission characteristic in these
spectra is completely the same as that in Figure 2.Therefore, if
we change the ring cavity radius, the wavelength of the maxi-
mum and minimum transmission discussed above will vary
with the change of the radius of the ring resonator.Thismeans
that we can filter any wavelength by setting the geometric
parameters of the structure.

4. Summary

In conclusion, the transmission characteristics of the elec-
tromagnetic wave are investigated in two-dimensional com-
pound plasmonic structures composed of two straight sub-
wavelength MIM waveguides and a ring resonator by
using FDTD method. The results show that the filtering
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Figure 5: (Color Online) The contour profiles of magnetic field intensity |𝐻
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Figure 6: (Color Online) Transmission spectra of the MIM plas-
monic waveguide with a different radius’ ring resonator for 𝜃 = 0∘.

performances of the asymmetric structures (positional angu-
lar deviation 𝜃 ̸= 0∘) are greatly improved in comparison with
the symmetric structure (𝜃 = 0∘). For the most of the asym-
metric structures, there is a transmission minimum at the
slightly bigger wavelength than that at which the trans-
mission peak appears for the symmetric structures, and
there is still a transmission peak at the wavelength of the

transmission peak of the symmetric structures. And then the
difference between the transmission peak and valley is
increased, the breadth of the transmission peak becomes nar-
row. For these transmissionminima of the asymmetric struc-
tures, it is found that the parts of coupling the MIM wave-
guide of the outgoing side with the ring resonator locate at the
magnetic nodes of the standing waves in the ring resonator.
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Recently, Fe
3

O
4

nanomaterials have attracted tremendous attention because of their favorable electric and magnetic properties.
Fe
3

O
4

nanostructures with various morphologies have been successfully synthesized and have been used in many fields such as
lithium-ion batteries (LIBs), wastewater treatment, and magnetic resonance imaging (MRI) contrast agents. In this paper, we
provide an in-depth discussion of recent development of Fe

3

O
4

nanomaterials, including their effective synthetic methods and
potential applications.

1. Introduction

Nanomaterials have been attracting great attention owing
to their excellent electrical, optical, magnetic, and catalytic
properties. It is well known that the phases, sizes, and
morphologies of nanomaterials have great influence on their
properties and potential applications; thereby, the controlled
synthesis of nanostructured materials with novel morpholo-
gies has recently received much attention [1–3]. As a kind of
conventional magnetic material, Fe

3
O
4
nanomaterials have

been used in many fields because of their unique electric
and magnetic properties [4, 5]. Several novel and effective
methods have been developed to synthesize Fe

3
O
4
nano-

materials with various shapes, such as nanorods, nanotubes,
andhierarchical superstructures [6–10]. Fe

3
O
4
nanomaterials

have superior properties and great potential applications in
the fields of lithium-ion batteries, wastewater treatment, and
drug delivery [11–15].

Until now, several overviews of the literature on the Fe
3
O
4

nanomaterials have been reported to keep the readers abreast
of the rapid development. For example, a review by Yang’s
group has focused on the synthesis, growth mechanism,
and applications of Fe

3
O
4
nanomaterials [16]. Nevertheless,

many successes on the synthesis, properties, and applications

of Fe
3
O
4
nanomaterials have been continually reported in

the last few years; thereby, it seems timely to review the
development of Fe

3
O
4
nanostructures.

Herein, we provide an update on currently available
methods for the synthesis of Fe

3
O
4
nanomaterials with vari-

ous morphologies; in spite of that, some important and orig-
inal findings reported earlier are also included. The unique
properties, potential applications, and future prospects of
Fe
3
O
4
nanostructures have also been discussed.

2. Synthesis of Fe3O4 Nanomaterials

Generally, the intrinsic shape of nanocrystal is dominated by
the crystalline structure of initial seed, and the final shape is
governed by the subsequent growth stage through delicate
control of external factors (e.g., kinetic energy barrier and
templates) [17]. Fe

3
O
4
has a cubic inverse spinel structure

based on Fd-3m space group [18]. The lattice constant is 𝑎 =
0.839. In the unit cell, as shown in Figure 1, the oxygen
ions form an fcc closed packing, and the iron ions occupy
interstitial tetrahedral sites and octahedral sites, sym-
bolized as [Fe3+]

𝐴
-[Fe2+Fe3+]

𝐵
O
4
, in which 𝐴 (tetrahedral

positions) is occupied by Fe3+ ions and 𝐵 (octahedral sites)
is occupied by eight Fe2+ ions and eight Fe3+ ions.
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Figure 1: Crystal structure of cubic inverse spinel Fe
3

O
4

((green
ball) Fe3+ (blue ball) Fe2+ (red ball) O).

2.1. 0D Fe
3
O
4
Nanomaterials. 0D Fe

3
O
4
nanomaterials have

been widely studied due to their current and promising
applications. It is known that the physicochemical proper-
ties and potential applications of Fe

3
O
4
nanomaterials are

strongly influenced by their sizes; moreover, Fe
3
O
4
nano-

materials tend to aggregate because of the strong magnetic
dipole-dipole attractions between the crystals and the large
surface energy [24]. Thus, many efforts have been devoted to
prepare Fe

3
O
4
nanomaterials with controlled size and well-

defined surface property [25].
After the Sugimoto group have fabricated monodisperse

Fe
3
O
4
nanoparticles in 1980, various methods have been

developed for the synthesis of Fe
3
O
4
nanoparticles with

narrow size distribution and good dispersity. Sun and Zeng
have synthesized 4 nm Fe

3
O
4
nanoparticles via the high-

temperature reaction of Fe(acac)
3
in the phenyl etherwith 1,2-

hexadecanediol, oleic acid, and oleylamine. “Seed-mediated”
growth method is used to make larger nanoparticles, and
Fe
3
O
4
nanoparticles (3–20 nm) can be obtained by changing

the quantity of seeds [26]. The Gao’s group have used
a solvothermal method to synthesize Fe

3
O
4
nanoparticles

with a mean diameter of 25 nm [27]. In the synthesis,
[Zn(CO

3
)
2
(OH)
6
], accepting Fe2+ precipitates through –OH,

can prevent the agglomeration of Fe2+ precipitates, and
superparamagnetic Fe

3
O
4
nanoparticles can be sequentially

obtained. Compared to other successes [11, 28], the as-
synthesized Fe

3
O
4
nanoparticles with good dispersity have

not been coated by other substances (e.g., silica and polymer)
and can keep their naturally properties. Other routes, includ-
ing coprecipitationmethod, reversemicellemethod, andhigh
temperature liquid phase method, have also been explored to
fabricate Fe

3
O
4
nanoparticles with different diameters [29–

32].
Besides spherical nanoparticles, 0D Fe

3
O
4
nanomaterials

with other morphologies have been prepared, such as octa-
hedron [19, 33, 34], dodecahedron [6], and cube [35–37].
Based on the literature [38], the shape of the particle is closely
related to the crystallographic surfaces that enclose the parti-
cle. As to Fe

3
O
4
, the relative surface energies are in the order

of 𝛾
111
< 𝛾
100
< 𝛾
110

owing to the distances between these
three faces and coordination numberwith neighboring atoms
[39, 40]. Therefore, the growth rate of (111) plane is quicker
than that of other planes, and the octahedral shapes would

be the thermodynamically favored morphology according to
theWulff theorem. For example, Zhang et al. have presented a
simple method for octahedral Fe

3
O
4
nanoparticles, in which

tetracosane is the reactionmedia, oleylamine is the surfactant
and the reducing agent, and Fe(OA)

3
is the precursor [19].

As shown in Figure 2(a), the octahedrons have a size of 21 ±
2 nm. The octahedrons can also self-assemble into oriented
superstructures due to their anisotropic shapes (Figure 2(b)).
As discussed above, the (110) facet has the highest surface
energy, so there is much difficulty to fabricate magnetite
nanocrystals enclosed by (110) plane. Nevertheless, Li and
coworkers have prepared rhombic dodecahedral (RD) Fe

3
O
4

nanocrystals via a microwave-assisted route in the presence
of ionic liquid (IL) [C

12
Py]+[ClO

4
]− [6]. In the synthesis,

ILs change the surface condition of the Fe
3
O
4
nanocrystals,

and HMT/phenol adsorbed on (110) planes is benefitcial for
the crystal growth along [100] direction; thus, RD Fe

3
O
4

nanocrystals enclosed by twelve (110) flakes can be obtained.
Moreover, if the nuclei are bounded by (100) planes, cubic
Fe
3
O
4
nanomaterials can be formed [36].

2.2. 1D and 2D Fe
3
O
4
Nanomaterials. Although it is difficult

to prepare anisotropic Fe
3
O
4
nanocrystal because of its cubic

spinel structure, anisotropic nanocrystals can be obtained by
using templates or surfactants to control the growth rate on
different crystal planes. More recently, 1D magnetic nano-
materials, such as nanotubes, nanorods, and nanowires, have
become a pressing need for their potential applications in
lithium-ion batteries and field emission displays [41]. Particu-
larly, tubular Fe

3
O
4
nanostructures have stimulated extensive

efforts owing to their well-defined magnetic states. It was
reported that some conventional methods (i.e., template-
assisted method) are not benefitcial for the formation of
single-crystalline nanotubes; thereby, some novel methods
have been explored [9, 42–44]. Geng et al. have applied
proteins from egg albumin as nanoreactors for the fabrication
of single-crystalline Fe

3
O
4
nanotubes. A flake structure is

prepared with the assistance of egg albumin, and then Fe
3
O
4

nanotubes are prepared from the flake-like precursors based
on a “rolling-up” mechanism. Additionally, nanorods and
nanowires have been successfully synthesized [43, 45–48].
For example, Zhang and coworkers have prepared single-
crystalline Fe

3
O
4
nanowires with large aspect ratio by a

one-step sol-gel process; Wang et al. have reduced 𝛼-Fe
2
O
3

nanowires to Fe
3
O
4
nanowires under H

2
and Ar

2
at 400–

900∘C via a V-S process; chemical vapor deposition (CVD)
method has also been used to synthesize 1D Fe

3
O
4
nanoma-

terials.
2D Fe

3
O
4
nanomaterials, such as nanorings and nano-

flakes, have also attracted much attention to their special
properties. Jia et al. have synthesized Fe

3
O
4
nanorings by the

reduction of hematite in the presence of phosphate and sulfate
[49]. In the synthesis, compared with (001) plane, PO

4

3− and
SO
4

2− have stronger adhesion to the (110) and (100) planes;
therefore, the capsule crystals have a tendency to grow along
the [001] direction and the following dissolution process also
takes place along the [001] direction. Finally, Fe

3
O
4
nanorings

can be formed. Zhu group have prepared Fe
3
O
4
nanosheets
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Figure 2: (a) TEM image of self-assembled monolayer Fe
3

O
4

nanocrystals; (b) SEM image of assembled multilayer Fe
3

O
4

nanocrystals; (c)
SEM image of RD Fe

3

O
4

nanocrystals; the inset is model of RD enclosed by twelve (110) planes [6, 19].

by oxidizing Fe substrates in acidic solution in a hot plate
at 70∘C [50]. Fe

3
O
4
nanoplates have been synthesized by

reducing 𝛾-Fe
2
O
3
nanoplates in the presence of PVP. In the

experiment, PVP can selectively coordinate with (111) facet
of 𝛾-Fe

2
O
3
, which reduces the growth rate along the [111]

direction, resulting in nanoplates bounded by the (111) planes.
Finally, 𝛾-Fe

2
O
3
nanoplates could be transformed to Fe

3
O
4

with the shape and size being unchanged. Other strategies
(i.e., hydrothermal and solvothermal methods) have been
developed to fabricate Fe

3
O
4
nanoprisms [15, 51, 52].

2.3. Fe
3
O
4

Hierarchical Superstructures. Recently, many
research efforts in nanoscience have been devoted to the
self-assembly of nanoscale building blocks into 2D and
3D hierarchical superstructures, which could prevent the
agglomeration of nanomaterials and supplymore tunable and
unique properties [53]. In addition, the “superparamagnetic
limit,” that is, the conflict between reducing the magnetic
energy barrier and decreasing the size, restrains the
development of Fe

3
O
4
nanomaterials [9]. To some extent,

Fe
3
O
4

hierarchical superstructures could overcome this
limit, and some researchers concerned about the synthesis of
self-assembled Fe

3
O
4
superstructures.

As shown in Figure 3(a), 1D chainlike arrays of hollow
Fe
3
O
4
nanospheres have been prepared by aging preassem-

bled Fe nanoparticles in aqueous solution [20].The formation
mechanism is proposed based on the nanoscale Kirkendall
effect: Fe nanoparticles are firstly self-assembled into chain-
like structure and solid Fe spheres are then gradually oxidized
into Fe

3
O
4
hollow nanospheres. Other self-assembled Fe

3
O
4

chains have also been synthesized [10, 54].
The Wang group have successfully synthesized a hierar-

chical and porous structure of Fe
3
O
4
hollow submicrospheres

with Fe
3
O
4
nanoparticles via a solvothermal method [21].

As displayed in Figure 3(b), Fe
3
O
4
submicrospheres are

built from Fe
3
O
4
nanoparticles with diameters of 20–30 nm.

The formation mechanism can be attributed to reduction
and Ostwald ripening: Fe

2
O
3
submicrospheres are firstly

synthesized; hematite is then reduced to magnetite and an
incomplete layer consisted of Fe

3
O
4
nuclei is formed on the

solid Fe
2
O
3
surfaces; a Fe

2
O
3
-Fe
3
O
4
core-cell structure is

formed in the presence of 1,6-hexanediol; finally, Fe
3
O
4
hol-

low submicrospheres are obtained through Ostwald ripening
process.

Hierarchical flower-like Fe
3
O
4
superstructures have been

wildly researched [22, 55–57]. Zhong et al. have reported
the synthesis of flower-like Fe

3
O
4
superstructures by an

ethylene-glycol-(EG-)mediated self-assembly process. Han
and coworkers have prepared flower-like Fe

3
O
4

under
80∘C in the absent of any surfactant or organic solvent
(Figure 3(c)). Ultrasound-assisted hydrothermal route has
also been used to fabricate Fe

3
O
4
hierarchical flower-like

microspheres.
Many other Fe

3
O
4
hierarchical superstructures with

special morphologies have been synthesized. For example,
Fe
3
O
4
microspheres assembled by tetrahedral nanocrystals

[58], porous hollow Fe
3
O
4
beads constructed with rod-

like nanoparticles [59], and nanoparticles-assembled Fe
3
O
4

dendritic patterns [60].

3. Potential Applications of
Fe3O4 Nanomaterials

3.1. Lithium-Ion Batteries (LIBs). Lithium-ion batteries are
regarded as the most promising rechargeable energy storage
technology due to the increasing applications of portable
electronic devices and transportations. In order to obtain
high power and energy density, Fe

3
O
4
nanomaterials have

been extensively explored as LIB anode materials for their
high theoretical capacity (900–1000mA⋅h⋅g−1), low cost,
environmental benignity, and special properties [59, 61].
For example, single-crystalline mesoporous Fe

3
O
4
nanorod

exhibits a high reversible capacity of 843.5mA⋅h⋅g−1 after
50th cycle at 0.1 C; furthermore, the nanorods have superior
electron transport ability, which makes them highly attrac-
tive for the potential application as LIB anode materials
[46]. However, the high surface area of nanomaterials may
cause secondary reactions such as electrolyte decomposition
between electrode and electrolyte and form thick solid
electrolyte interphase (SEI) films on the electrode surface
[62]. Fortunately, it was found that surface modifications
could partly solve these problems [23]. Carbon-coated Fe

3
O
4
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Figure 3: (a) TEM images of the chainlike arrays of Fe
3

O
4

hollow nanospheres; (b) SEM image of the hierarchial porous Fe
3

O
4

hollow
submicrospheres; (c) SEM and TEM images of the flower-like Fe

3

O
4

superstructures [20–22].
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0
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Figure 4: Schematic illustration of the synthesis of Fe
3

O
4

/C core-shell spheres, chains, and rings [23].

nanospindles can increase the electronic conductivity of elec-
trodes leading to thin and uniform SEI films, but also stabilize
the obtained SEI films; thereafter, the Fe

3
O
4
-C composites

are excellent anode materials for highly efficient LIBs with
high reversible capacity, high rate capability, and enhanced
cycling performance. Li group have reported monodisperse
Fe
3
O
4
/C core-shell spheres, chains, and rings with tunable

magnetic properties based on structural evolution from
eccentric Fe

2
O
3
/poly(acrylic acid) core-shell nanoparticles

[63].Thepossible formationmechanism is shown in Figure 4.
Compared with the Fe

3
O
4
/C core-shell spheres, the chains

and rings exhibit higher reversible capacity and better cycling
stability. Several other ways have been used to form Fe

3
O
4
-

C composites [30, 64, 65]. For instance, porous carbons
or mixing graphene layers are impregnated with Fe

3
O
4

precursor; Fe
3
O
4
NPs and carbon are simultaneously formed

from a precursor with high surface area and porosity.

3.2. Wastewater Treatment. In recent years, wastewater treat-
ment has attracted considerable attention because cleanwater
is vital to the human and because of a variety of key industries
[66]. The development of nanoscience opens a novel and
effective way for the wastewater treatment. Many groups
have used Fe

3
O
4
nanomaterials to treat heavy metal ions

and organic pollution. Nanostructured Fe
3
O
4
microspheres

(NFMSs) with a large specific surface area (135.9m2⋅g−1) can
remove toxic Cr6+ from polluted water, and it is found that
1 g NFMSs remove 43.48mg Cr6+ ions at room temperature
[67]. Fe

3
O
4
nanomaterials have also been successfully used

as catalysts to remove organic pollutions, such as xylenol
orange, phenol, and aniline, from wastewater [68–70].

3.3. Other Applications. Fe
3
O
4
nanomaterials have been

applied in many other fields, including metal chemosensor
[71], magnetorheological elastomer [72], SERS spectroscopy
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[57], magnetic resonance contrast agent [73], catalyst [74, 75],
drug delivery [76], and magnetic resonance imaging (MRI)
contrast agents [77].

4. Conclusions

In conclusions, recent synthetic efforts have led to the for-
mation of Fe

3
O
4
nanomaterials with various morphologies.

In spite of the exciting new development, the application of
Fe
3
O
4
nanomaterials in industry is still in its infancy. How-

ever, with the progress in the fundamental understanding
of the physics and chemistry in the Fe

3
O
4
nanomaterials,

we foresee that novel properties and applications will be
demonstrated in the not-so-distant future.
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Novel exfoliated and interacted polyethylene (PE)/montmorillonite (MMT) nanocomposites prepared by in situ polymerization
were characterized by solid-state nuclearmagnetic resonance (NMR).ephase structure andmolecularmobility were investigated
by proton and carbon NMR under static and magic-angle spinning (MAS) conditions. e results showed that incorporation of
MMT layer enhanced the polyethylene crystallinity behavior. e chain mobility of crystalline phase, interphase and amorphous
phase was hindered in the nanocomposites. e phase structure and chain dynamics were also investigated upon changing
the temperature. e orthorhombic and monoclinic phases were detected according to the 13CP/MAS NMR. Quantitative
characterization of the phase structure was also conducted by 13C DP/MAS upon changing the temperature. Finally, the difference
in the phase structure and chain dynamics in each phase of PE/nanocomposites was compared based on the NMR results when
�ber �ller was introduced.

1. Introduction

Polymer nanocomposites are a new class of particle �lled
polymers in which at least one composite consists of dis-
persed particles in the nanometer size range [1]. e layered
silicate clay, such as montmorillonite (MMT), has been used
in polymer composites for quite a long time. e entity of
sandwiched layers, with 1 nm thickness and few hundred
nanometers size in other two dimensions, is stacked together
with van derWaals gap [2]. Depending on the space between
clay platelets aer incorporation with polymer matrix, the
composites are roughly classi�ed as following: �rstly, exfo-
liated layers are fully open; secondly, intercalated layers are
partially open [3].

�enerally, incorporation of small amounts of �ller can
result in the exfoliated polymer composites form, which can
greatly enhancemechanical anti�ammable and heat-resistant
properties as compared to original polymer matrix and inter-
calated dispersion form [4, 5]. In order to overcome the
interlayer van der Waals bonding barrier to achieve the
layer exfoliation, in situ polymerization approach and melt
intercalation method have been developed [6]. e catalyst
for ethylene polymerization is introduced into the gallery of

layered silicates aerwhich polyethylene forms in situ and the
layer structure delaminates [7].ismethod has proved to be
quite efficient in preparing exfoliated nanocomposites since
the entropy resistance for the intercalation of polymer chains
signi�cantly reduces and the heat released by polymerization
acts favorably to reduce the process-free energy [8].

e molecular architecture of polymers in the solid state
is of fundamental importance to understand various macro-
scopic properties. Solid-state nuclear magnetic resonance
(NMR) is one of the most informative techniques to charac-
terize heterogeneous structures in polymer and polymer/clay
nanocomposites [9]. Proton wide-line NMR and relaxation
experiments have been widely applied to study the phase
structure and chain dynamics. An intermediate component
has been inferred from the data by �tting the 1H wide-
line NMR spectra [10–12]. We [13] used �ber clay, named
palygorskite (PLT), so as to immobilize metallocene catalyst.
e exfoliated PE/palygorskite can be obtained aer ethylene
polymerization. 1H solid-state NMR was used to quanti-
tatively analyse the macromolecular dynamics and phase
structure of the resulting polymer nanocomposites. Vander-
Hart et al. [14, 15] used proton longitudinal relaxation time
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(𝑇𝑇1) to estimate the dispersion degree of MMT. 𝑇𝑇1 showed
a pronounced dependence on the Fe3+ concentration due to
the strong paramagnetic of the Fe3+. However, the 1H NMR
spectrum of solid polymers oen exhibits severely broad
signals due to the strong 1H-1H dipolar coupling and ran-
dom orientation of the molecule. Fast magic-angle spinning
(MAS) has been successfully used to average the 1H-1H
dipolar coupling and obtain high resolution spectra for
organic solids [16]. Lee et al. [17] used protonMAS technique
to study the interaction between proton and phosphoric acid
in the poly(vinyl phosphoric acid). e results showed that
hydrogen-bonded P–OH could be used as proton conductor.
Moreover, 13C cross-polarization and magic-angle spinning
(CP/MAS) NMR [18, 19] has been recognized as a powerful
tool for investigating structures and dynamics of polymer
composites. e combination of dipolar decoupling (DD),
cross-polarization (CP), and MAS techniques permits one
to detect chemical shis and magnetic relaxation parameters
that are directly related to the chain conformation and
dynamics in each phase structure.Wang et al. [20] used solid-
state 13C-NMR to study the conformational change and
structural heterogeneity of surfactantmolecules on themont-
morillonite layer. ose surfactant molecules had higher
chain mobility and disordered conformation. Moreover, the
existence of two orthorhombic phases was also reported by
Hillebrand et al. using solid-state 13C-NMR [21].ey found
that the chains responsible for the orthorhombic crystalline
phasewith broad-linewidthmade relative fast 180∘ chain �ips
by a traveling chain twist defect already at room temperature.
e orthorhombic crystalline phase with narrow-line width
may indicate the perfect crystalline phase. Our latest work
also used solid-state 13C-NMR to study the phase structure
and chain dynamics of polyethylene/palygorskite obtained
by in situ polymerization [22]. e results of 13C CP/MAS
showed that the chain mobility of orthorhombic crystalline
phase with broad resonance line is obviously hindered com-
pared with the narrow resonance line phase when the �ller is
introduced.

In this work, the exfoliated and intercalated polyethy-
lene/MMT nanocomposites were obtained according to the
ethylene in situ polymerization, respectively. Subsequently,
the phase structure and chain dynamics of nanocomposites
with different dispersion state were investigated by solid-state
NMR. 1H and 13C solid-state NMR was used to study phase
composition and molecular mobility of the samples under
static and MAS states. Finally, the change in phase structure
of PE nanocomposites was compared based on the NMR
results whenMMT and PLT were introduced into PE matrix.

2. Experiments

2.1. Materials. Bis(cyclopentadienyl)titanium dichloride
(Cp2TiCl2, ACROS Organics) was purchased from J & K
Chemical (Shanghai, China) and used as received. Toluene
was puri�ed using Solvent Puri�cation (Invention Tech.
USA). Methylaluminoxane (MAO) in toluene (wt%, 10%)
was purchased from J & K Chemical (Shanghai, China).

Polymerization grade ethylene was obtained from Ningbo
Gas Company (Ningbo, China) and puri�ed through Gas
Puri�cation instrument (Shengmai Chemical Company,
Dalian, China). [(C18H37)2N(CH3)2]

+Cl− and Ca-based
MMT was purchased from J & K Chemical. e content of
Fe3+ of MMT was 3.1 wt% according to the product instru-
ment.

2.2. Preparation of Polyethylene and
Polyethylene/MMT Nanocomposites

2.2.1. Preparation of the Modi�ed MMT. e puri�cation
procedure of MMT was obtained as follows: 300 g MMT was
dispersed in 5 L water and then stirred for 60mins. 8.5 g
Na2CO3 was added into the MMT suspension and stirred for
45mins.emixturewas condensed for 120mins.e super-
natantwas further rotated in ultracentrifugal instrumentwith
2000 rpm. Finally, the supernatant was dried at 90∘C for 12 h.
e X-ray diffraction (XRD) results showed that interlayer
spacing of puri�ed MMT was 1.3 nm.

50 g puri�ed MMT suspended in 6 L water. en, 9.4 g
[(C18H37)2N(CH3)2]

+Cl− was added into the mixture. e
pH value of this mixture was maintained around 8.0 mod-
ulated by HCl. Subsequently, the mixture was stirred for
120min at 65∘C. e abundant Cl− was removed using
distillated water. Finally O-MMT can be obtained aer the
mixture was dried. e XRD results showed that interlayer
spacing of O-MMT was greatly increased to 3.8 nm.

2.2.2. Ethylene Polymerization. e polyethylene bulk was
prepared as follows. Ethylene polymerization was conducted
in a 300mL autoclave stainless steel reactor. e reactor was
set to 80∘C and purged �ve times by nitrogen and one time
by ethylene before polymerization. en the reactor tem-
perature was set to 40∘C, and 200mL toluene was poured
into the reactor with cocatalyst 5mmol MAO. Ethylene
pressure was �xed at 0.1MPa. Polymerization started by
introducing 50 𝜇𝜇mol Cp2TiCl2 into the reactor. Polymeriza-
tion was then quenched by adding 20mL acidi�ed ethanol.
Polymers are dried at 60∘C under vacuum for 6 h aer
�ltering. Polyethylene/MMT nanocomposites were prepared
following the same method with pure polyethylene except
that O-MMT was �rstly introduced and stirred for 15min
under ultrasonic; then catalyst was introduced. e content
ofMMT in the polyethylenematrix wasmodulated according
to the polymerization time.

2.2.3. Characterization of the PE and PE/MMT Samples.
Molecular weight (MW) and MW distribution (MWD)
were determined by gel permeation chromatography (GPC)
method at 150∘C using a PL-GPC-220 (Polymer Laborato-
ries, Darmstadt, Germany) instrument and 1,2,5-trichloro-
benzene as solvents. Transmission electron micrographs
(TEM) were obtained using a Phillips CM100 apparatus at
an acceleration voltage of 100 kV. Each sample was prepared
using an ultracryomicrotome cutting apparatus at −130∘C,
yielding samples 80 nm in thickness. A thermogravimetric
analysis was carried out on a TGA/SDTA851 instrument
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(Me⧵ETTER Corp., Switzerland). e N2 �ow rate was �xed
at 20mL ⋅min−1. Heating took place from 30 to 1000∘C at
10∘C ⋅min−1 heating rate. X-ray diffraction spectra of clay
samples were recorded on a Rigaku D/Max-RA diffractome-
ter (Japan) with Cu Ka radiation (40KV, 80mA). Scanning
was done in 0.02∘ steps at a speed of 2∘ ⋅min−1.

2.3. NMRMeasurements. 1H solid-state NMR spectra, longi-
tudinal magnetization relaxation (𝑇𝑇1), and DQ build-up
curves were obtained using a Bruker DSX-200 spectrometer
at a proton frequency of 200.02MHz. e data were col-
lected for nonspinning samples. A 1.5 𝜇𝜇s 90∘ pulse and
a 5 s recycle delay were used for all experiments. e
detailed experiment followed the same method with the
former study [22]. 13C solid-state NMR was carried out on
Bruker DSX-500 spectrometer. e magic-angle spinning
speed was 5 kHz in all 13C CP/MAS (cross-polarization and
magic-angle spinning) and 13CDP/MAS (direct-polarization
and magic-angle spinning) NMR measurements using
2.5mm MAS probe. 13C CP/MAS were recorded using 5 s
recycle time with changing the contact time.

3. Results and Discussion

3.1. Basic Information of the Polyethylene and Polyethy-
lene/MMT Nanocomposites. e results of ethylene poly-
merization are shown in Table 1. Catalyst activity obvi-
ously decreases when more O-MMT is introduced. Prtic-
ularly, catalyst activity reaches to almost 25% of that in
homogeneous catalyst when the loading of O-MMT is
7.2%. It indicates that the electronegativity of the MMT
greatly in�uences the catalyst activity although it is cov-
ered by [(C18H37)2N(CH3)2]

+Cl− layer. e defect of the
[(C18H37)2N(CH3)2]

+Cl− cover layer, particularly on the side
of MMT, causes the uncovered acid MMT layers contacting
with catalyst active sites and thus decreases the activity [23].

Figures 1(a) and 1(b) compare the XRD results of PE
and PE/MMT nanocomposites. e diffraction peak 001 of
O-MMT disappears in the PEMT18, which indicates that
the ordered structure of MMT is destroyed aer ethylene
polymerization. e distance between MMT layers is larger
than 8 nm in the PEMT18 matrix. However, two diffraction
peaks can be found in the small angle range of XRD spectra
of PEMT71. e layer distance can be calculated as 5.07 nm
and 1 nm, respectively. is indicates that the MMT layer
distance is smaller than PEMT18 and part ofMMT layer may
aggregate. e dispersion state of MMT in the polyethylene
matrix is further investigated by TEM (Figures 1(c) and
1(d)). TEM morphology shows that the distance of MMT
layer in PEMT18 is large and exfoliated nanocomposite is
obtained.Moreover,MMT layer shows obviously aggregation
behavior in PEMT71, and the intercalated dispersion is �nally
achieved.

3.2. Solid-State NMR Experiments

3.2.1. Phase Composition and Chain Dynamics by Proton
NMR Spectra. Wide-line proton NMR bases its analysis on

the extent of constrained molecular motions in the different
domains [12].e experimental wide-line spectra are decon-
voluted into three components using the WinFit program.
e broad component of the spectrum is approximated by
a Gaussian function. is is a rough approximation of the
actual line shape as shown in the following. e shape
parameter (𝛼𝛼 𝛼 𝛼𝛼𝛼) of the line with intermediate width (i.e.,
the interface) is between that of a Gaussian (𝛼𝛼 𝛼 1) and
a Lorentzian (𝛼𝛼 𝛼 𝛼) [22]. e differences in the three
component line shapes are expected to arise from differences
in polymer chain motilities. e crystalline chains will result
in the broad line due to only a partial motional averaging of
the dipole-dipole interaction between the protons along the
chains.

Figure 2 shows the �tting results of proton wide-line
NMR spectra measured at different temperature. Figure 2(a)
shows large changes in phase composition when the MMT
clay is introduced. As compared to the content of crystalline
phase (crystallinity) in the bulk PE, the introduction ofMMT
into the PE matrix greatly increases the crystallinity in a
range of temperature from 300 to 360K. It suggests that
MMT clay layers interfere with the chain folding process
leading to an increased content of well-ordered structures.
Higher MMT amount in the polymer matrix also shows
higher crystallinity. Interestingly, this is an opposite result
compared with our former studies where the crystallinity
was decreased as the palygorskite (PLT) loading increases
in the PE/PLT nanocomposites [22]. In our opinion, the
opposite dependence of crystallinity on �ller loading may be
attributed to the different structure of �ller. MMT �ller is
the layer structure, while PLT �ller presents the �ber style.
Layer structure of MMT is able to adsorb more molecular
chains on the surface compared with the �ber structure
[22, 24]. Moreover, these adsorbed chains contribute to
more mobility con�ned chains which can result in higher
crystallinity. is can also be inferred from the results of
chainmobility in Figure 2(b). All thewidths of three phases in
the nanocomposites are larger than PEmatrix at all measured
temperatures which indicates that the chain mobility of
nanocomposites is hindered.

3.2.2. Chain Dynamics by Proton Double-Quantum Dipolar
Filter (1HDQNMR). emagnetization from themore rigid
part of a heterogeneous polymer can be selected using a
dipolar �lter based on the excitation of the double-quantum
coherences [25]. e e�ciency of the DQ �lter is measured
for PE and PE/MMT samples in Figure 3. At small excitation
times, the �lter selects the magnetisation mainly from the
crystalline regions (rigid part). At longer excitation times,
the �lter starts to act like a transverse relaxation time
(𝑇𝑇2) �lter, and the magnetisation from the less-mobile and
mobile amorphous regions can be selected. e faster chain
motions in the intermediate and amorphous phases reduce
the effectiveness of proton dipole-dipole interactions through
motional averaging [11]. us, the absence of DQ signal
indicates that the dipole-dipole coupling between protons is
weak due to either large distance between proton pairs or fast
molecular motion on an NMR time scale (10–100𝜇𝜇s).
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T 1: Ethylene polymerization in the presence of O-MMT and the characterization results of PE/MMT hybrid materialsa.

Run MMT Conc. in feed
g ⋅ L−1

Polymer yield
g

Activity
Kg PE/molCat ⋅ h

Mw
105 g ⋅mol−1 Mw/Mn MMT in PEb

wt.%
Sample
notation

1 # 0 22.0 2200 4.81 3.3 0 PE
2 # 0.50 10.9 1090 2.19 3.5 1.8 PEMT18
3 # 0.45 5.9 590 1.37 2.9 7.1 PEMT71
a
Polymerization conditions: solvent 400mL toluene. Ethylene pressure 0.1MPa. Cat. conc. In the feed 25 𝜇𝜇mol Ti ⋅ L−1. Polymerization time 60mins.

bMMT content in the polyethylene matrix was measured by TGA.
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F 1: X-ray diffraction spectra (a, b) and TEMmorphology (c, d) of PE and PE/MMT nanocomposites: (a) spectra in the full diffraction
angle; (b) spectra in the small angle rang; (c) TEMmorphology of PEMT18, ×200000; (d) TEMmorphology of PEMT71, ×200000.

Figure 3(a) shows the normalized DQ build-up curves
of samples measured at room temperature. e intensity of
polyethylene matrix DQ spectrum is obviously lower than
that of nanocomposites, suggesting that the nanocomposites
are more rigid than the bulk PE. Moreover, the maxima
of the curves appear at very short excitation time, in the
range from 8 to 15 us, indicating the presence of strong 1H
dipolar interaction. is interaction represents the feature
of crystalline phase in the PE samples. In our case, this

interaction in nanocomposites is higher than that in the PE
bulk and is enhanced in higher �ller loading samples. It
indicates that the chains of crystalline phase are more rigid
in polymer nanocomposites, and the rigid degree increases
when the �ller loading goes up. Moreover, the initial stage of
DQ build-up curves without normalization always presents
linear shape. e slope of the initial curves can re�ect the
position of �rst maximum on the DQ curves. e maximum
position will be delayed with a low slope indicating a more
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F 3: e DQ built-up curves of PE and PE nanocomposites measured at room temperature. (a) DQ built-up curves and (b) the slope
of initial part in DQ curve.
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F 4: 1H/MAS spectrum of PE and PE nanocomposites. (a) A typical 1H/MAS spectrum measured at room temperature; (b) half width
of the 1HMAS spectra dependence on the temperature.

mobile phase [26]. Temperature-dependent measurements
of the DQ build-up curves show some interesting features.
e slope of initial stage of DQ curves measured at different
temperature is shown in Figure 3(b). e slope decreases
upon increasing the temperature. It indicates that the chain
mobility of crystalline phase is enhanced. At all temperatures,
the slope of nanocomposites is obviously higher than that
of polyethylene bulk and also increases as the MMT loading
increased. It suggests that the chains become more rigid in
crystalline phase when the MMT load is increased. us, the
results of DQ build-up curves show good correspondence
with those of wide-line proton NMR.

3.2.3. Chain Dynamics by 1HMAS Spectrum. Solid-state var-
iable-temperature/magic-angle spinning (MAS) 1H NMR
measurements are carried out. e results are shown in
Figure 4. For semicrystalline polyethylene, the line width
of the 1H signal is dominated by the dipolar interactions
between protons. e magnitude of such interaction is
usually several tens of kHz, and it is possible to achieve high
resolution in the 1H spectrum by MAS at a speed of 5 kHz
in our experiments. During MAS process, strong dipolar
couplings from the restricted motions of molecules can be
removed. us, the so phase information where the chains
mobility has more freedom can be re�ected from the proton
MAS spectrum [16]. In our results, the half width of PE
nanocomposites spectrum is higher than that of PE bulk at all
measurements, which indicates that the chains in so phases
are more rigid due to the addition of MMT �ller.

Moreover, the difference of line width in PEMT18 and
PEMT71 gradually disappears upon increasing the temper-
ature (Figure 4(b)), while the line width of these samples are
almost the same at 365K and 385K where the temperature

is near to the melting point. is may indicate that the MMT
loading plays little effect on the chain dynamics to the chains
in so phases when the chain crystallinity reaches to melting
state. However, it needs to be further proved.

3.2.4. Chain Dynamics by 1H Longitudinal Magnetization
Relaxation (𝑇𝑇1). Less numerous paramagnetic Fe3+ ions exist
in the MMT with a concentration of 3.1 wt%. However, these
ions are strongly paramagnetic and can exert an in�uence
on the nuclear spins near the clay surface. Zhang et al. [27]
described the impact of Fe3+ ions on Li+ spins in intercalated
MMT clays. e paramagnetic impurities had a great in�u-
ence on the spin-lattice relaxation time of the protons. e
longitudinal magnetization relaxation (𝑇𝑇1) decreased when
the paramagnetic in�uence occurred.

e recovery of themagnetization is well �ttedwith a sum
of two components, and the results are shown in Figure 5.
Higher values of relaxation times are observed when 1.8 wt%
MMT introduces into the bulk polyethylene. It suggests that
the presence of the �ller leads to an immobilization of the
chain in rigid phase (Figure 5(a)) and so phase (Figure 5(b)).
is effect is in agreement with the �ndings from the
wide-line NMR. However, the relaxation time is obviously
decreased when the �ller loading increases to 7.1 wt%. e
in�uence of paramagnetic of Fe3+ ions occurs due to the
intercalated dispersion state of PEMT71. It is believed that the
Fe3+mainly resides in the octahedral sites ofMMTand can be
enriched on the outside of the clay layers [2]. e protons of
the organic modi�er ([(C18H37)2N(CH3)2]

+Cl−) on the clay
can become as close as 0.5-0.6 nm from the Fe3+ ions. Such
protons, as well as certain PE protons that are very proximate
to the surface, will experience both a direct line broadening
and a shortening of 𝑇𝑇1 [14, 15]. e layers between MMT
are closer in the intercalated dispersion state. e in�uence
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F 5: Longitudinal magnetization relaxation 𝑇𝑇1 value dependence on the temperature.

of Fe3+ on the relaxation time will be enhanced compared
with a relative larger distance ofMMT in exfoliated PE/MMT
nanocomposites.

3.2.5. Phase Composition and Chain Dynamics by 13C Solid-
State NMR. A typical 13CCP/MASNMR spectrum is shown
in Figure 6. e spectrum is fully deconvoluted by Loren-
tizian line shapes. A combination of four components �tting
leads to the best �tting results for the spectrum measured
at RT. e four components correspond to the different
phases: amorphous phase (30.82 ppm), intermediate phase
(31.64 ppm), orthorhombic crystalline phase (32.67 ppm),
and monoclinic phase (33.74 ppm). Based on the gauche
effect, 13C NMR can distinguish between orthorhombic and
amorphous phases. For the former, segments are in all-
trans conformation, and 13C NMR resonance appears at
32.9 ppm. For the latter, the 30.8 ppm line is from gauche
containing conformation [27]. Moreover, polyethylene usu-
ally takes two types of crystal forms: the stable orthorhombic
and metastable monoclinic phases. e orthorhombic phase
occurs under normal conditions, and the latter appears aer
straining the PE [20]. e chains in these two phases take all
zig-zag conformation but pack in different ways. e planes
of the all-trans chains in the monoclinic phase are parallel to
one another. However, they are perpendicular to each other
in the orthorhombic phase.

Recently, much attention has been paid to deal with
the existence of the third crystalline phase [21]. Our latest
publication also detected out two orthorhombic crystalline
phase in the PE/PLT nanocomposites by 13C CP/MAS NMR
[22]. e chains responsible for the Cr-b carbon resonance,
which can form the main fraction of the crystalline domains,
make relatively fast 180∘ chain �ips by a traveling chain twist
defect already at room temperature. us, this resonance is

(ppm)

27282930313233343536373839

F 6: Fitting results of 13C CP/MAS of PE spectra when the CP
time is 1ms at RT.

associated with the defective crystalline phase. e chains
responsible for the Cr-n carbon resonance do not show these
motions and probably are found in more perfect crystalline
structures. However, only one orthorhombic phase with
narrow-line width is found in PE/MMT nanocomposites,
indicating that more perfect crystalline phase is obtained in
PE/MMT nanocomposites.

e crystallinity cannot be calculated directly from the
13C CP/MAS spectrum, because of the different cross-
polarization efficiency of crystalline and amorphous phase.
DP/MAS 13C spectrum is required to measure the crys-
tallinity [20]. e results are listed in Table 2. e contents
of orthorhombic phase and monoclinic phase in PE/MMT
nanocomposites are both higher than those in polyethylene
bulk at room temperature. is shows good correspondence
with the results obtained by proton NMR. e line widths
of amorphous phase and interphase in nanocomposites
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T 2: Results of 13CDP/MAS experiment.

Phase Composition % Half-width Hz

RT

CS (ppm) 30.82 ± 0.01 31.64 ± 0.01 32.67 ± 0.01 33.74 ± 0.01 30.82 ± 0.01 31.64 ± 0.01 32.67 ± 0.01 33.74 ± 0.01
0% 59.83 4.45 29.35 6.37 145.9 104.6 119.4 174.4
1.8% 40.66 11.42 38.3 9.62 151.4 138.5 110.2 172.4
7.2% 38.34 11.13 34.53 15.97 173.5 198.8 98.1 280.9

385K

CS (ppm) 29.77 ± 0.01 30.44 ± 0.01 32.25 ± 0.01 33.76 ± 0.01 29.77 ± 0.01 30.44 ± 0.01 32.25 ± 0.01 33.76 ± 0.01
0% 77.99 3.63 14.25 4.13 45.7 162.2 153.3 327.5
1.8% 75.24 6.55 16.41 0.9 60.2 178.1 139.3 127.2
7.2% 71.99 10.81 17.16 — 51.5 326.5 136.3 —

are both higher than those of polyethylene bulk. e line
width also broadens as increasing the �ller loading, which
means that the chain mobility in these two phases is more
rigid. Furthermore, the line width of orthorhombic phase in
nanocomposite gradually decreases comparedwith polyethy-
lene bulk, while the line width of monoclinic phase obviously
increases. It indicates that the introduction of MMT has
more in�uences on monoclinic crystalline phase. e pro-
ton dipolar-dipolar interaction from monoclinic crystalline
phase may contribute more in broadening the proton wide-
line NMR spectrum. e monoclinic phase of PE/MMT
nanocomposites almost disappears when the temperature
reaches to the melting point. It suggests that the monoclinic
phase is more sensitive to the temperature compared to the
orthorhombic phase due to its metastable state.

�.�.�. �e �n��ence of �i��e� �t��e on t�e ���sta��ine �e�a�io�s
of Nanocomposites. In summary, chain dynamics and phase
composition investigated by solid-state NMR show that
MMTs with layer structure have obviously different in�uence
on polyethylene crystalline behaviors compared with the
PLT with �ber style, especially in crystalline phase. e
reasons may be concluded as follows. �rst, the surface area
of MMT is larger than �ber PLT �ller due to the 2D layer
structure of MMT [20]. Larger surface area can adsorb more
polymer chains during the polymerization. is can result
in much interaction between the polymer chains; thus more
rigid chains will be obtained. Secondly, the polymerization
method of PE/PLT and PE/MMT is a bit different which is
shown in Figure 7. Cp2TiCl2 was �rstly supported on the

outer surface of PLT �bers during the preparation of PE/PLT
nanocomposites. Polymerization directly occurred on the
surface of PLT. e crystalline behavior of those growing
chains was in�uenced as soon as the chain growth starts
[28, 29]. e physical structure and surface chemistry of
PLT could both in�uence the nascent growing chains. us,
this results in more defective crystalline phase. However,
the chain growing process of PE/MMT is different. MMT
�ller is a multilayer structure. e distance between each
layer is about 1.24 nm in the original MMT. is dis-
tance mainly increases to 3.68 nm aer being modi�ed by
[(C18H37)2N(CH3)2]

+Cl−. e modi�ed MMT (�-MMT)
can achieve best dispersion in toluene aer ultrasonic
15mins. Polymerization was conducted by Cp2TiCl2/toluene
solution aer the best dispersion state was obtained. Here,
the polymerization was actually conducted by homogeneous
Cp2TiCl2. e tensile force coming from the chain growth
could easily separate MMT layers without conquering the
layer force between them (support fragmentation). us, the
effect of support fragmentation to the chain folder process
was less [28]. MMT can mainly act as the nucleator when
the growing chain reaches to a relative large scale. e great
in�uence on crystalline behavior of the growing chains may
arrive from the solution. As a result,more con�nedmolecular
chains can be obtained.

4. Conclusion

In thiswork, solid-stateNMR is used to study the phase struc-
ture and chain dynamics in the exfoliated and intercalated
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PE/MMT nanocomposites prepared by in situ polymeriza-
tion. A combination of proton and carbon methods under
static and MAS conditions are used for the detailed study of
phase structure. e results show that the incorporation of
MMT with layer structure causes a large change in the phase
structure. is structure also shows great difference from
that of PE/PLT nanocomposites. e incorporated MMT
enhances the crystallization process which results in higher
crystallinity in PE/MMT nanocomposites. e polyethylene
chains in the crystalline phase, interphase, and amorphous
phase are also hindered due to the addition of MMT. 13C
CP/MASNMR shows that only one orthorhombic crystalline
phase with narrow-line width can be detected. 13C DP/MAS
NMR are quantitatively used to measure the phase structure
and chain dynamics.e results show that the introduction of
MMT has more in�uences on monoclinic crystalline phase.
e proton dipolar-dipolar interaction from monoclinic
crystalline phasemay contributemore in broadening the pro-
ton wide-line NMR spectrum. e monoclinic phase of PE/
MMT nanocomposites almost disappears when the temper-
ature reaches to the melting point due to its metastable state.

�on��ct of �nterests

e authors declare that there is no con�ict of interests.
ey have bought the materials from a company that has no
relationship with this paper. is paper was only attributed
to our research group.

Acknowledgments

Funding from the Project of Natural Science Foundation
of China (no. 21206078), the Natural Science Foundation
of Zhejiang Province (LQ12B06003), Zhejiang Province
Department of Education Fund (Y201223797, Y201223742),
K. C. Wong Education Foundation, and K. C. Wong Magna
Fund, Hong Kong, are gratefully acknowledged. Professor
Zhongren Chen’s group is also acknowledged.

References

[1] M. Alexandre and P. Dubois, “Polymer-layered silicate nano-
composites: preparation, properties and uses of a new class of
materials,”Materials Science and Engineering R, vol. 28, no. 1-2,
pp. 1–63, 2000.

[2] S. S. Ray andM. Okamoto, “Polymer/layered silicate nanocom-
posites: a review from preparation to processing,” Progress in
Polymer Science, vol. 28, no. 11, pp. 1539–1641, 2003.

[3] A. B. Morgan and J. W. Gilman, “Characterization of polymer-
layered silicate (clay) nanocomposites by transmission electron
microscopy and X-ray diffraction: a comparative study,” Journal
of Applied Polymer Science, vol. 87, no. 8, pp. 1329–1338, 2002.

[4] M. Tanniru, Q. Yuan, and R. D. K. Misra, “On signi�cant reten-
tion of impact strength in clay-reinforced high-density
polyethylene (HDPE) nanocomposites,” Polymer, vol. 47, no. 6,
pp. 2133–2146, 2006.

[5] J. Zhang and C. A. Wilkie, “Polyethylene and polypropylene
nanocomposites based on polymerically-modi�ed clay contain-
ing alkylstyrene units,” Polymer, vol. 47, no. 16, pp. 5736–5743,
2006.

[6] Q. H. Zeng, D. Z. Wang, A. B. Yu, and G. Q. Lu, “Synthesis
of polymer-montmorillonite nanocomposites by in situ inter-
calative polymerization,” Nanotechnology, vol. 13, no. 5, pp.
549–553, 2002.

[7] S. Ray, G. Galgali, A. Lele, and S. Sivaram, “In situ polymeri-
zation of ethylene with bis(imino)pyridine iron(II) catalysts
supported on clay: the synthesis and characterization of
polyethylene-clay nanocomposites,” Journal of Polymer Science
A, vol. 43, no. 2, pp. 304–318, 2005.

[8] M. Kawasumi, “e discovery of polymer-clay hybrids,” Journal
of Polymer Science A, vol. 42, no. 4, pp. 819–824, 2004.

[9] B. Blümich, NMR Imaging of Materials, Clarendon Press,
Oxford, UK, 2000.

[10] D. E. Demco, G. Rata, R. Fechete, and B. Blümich, “Self-dif-
fusion anisotropy of small penetrant molecules in deformed
elastomers,” Macromolecules, vol. 38, no. 13, pp. 5647–5653,
2005.

[11] A. Buda, D. E. Demco, M. Bertmer et al., “Domain sizes in het-
erogeneous polymers by spin diffusion using single-quantum
and double-quantum dipolar �lters,” Solid State Nuclear Mag-
netic Resonance, vol. 24, no. 1, pp. 39–67, 2003.

[12] C. Hedesiu, D. E. Demco, R. Kleppinger et al., “e effect of
temperature and annealing on the phase composition, molec-
ular mobility and the thickness of domains in high-density
polyethylene,” Polymer, vol. 48, no. 3, pp. 763–777, 2007.

[13] W. Li, A. Adams, J. D. Wang, B. Blümich, and Y. R. Yang,
“Polyethylene/palygorskite nanocomposites: preparation by in
situ polymerization and their characterization,” Polymer, vol.
51, no. 21, pp. 4686–4697, 2010.

[14] D. L. VanderHart, A. Asano, and J. W. Gilman, “Solid-state
NMR investigation of paramagnetic nylon-6 clay nanocompos-
ites. 1. Crystallinity, morphology, and the direct in�uence of
Fe3+ on nuclear spins,” Chemistry of Materials, vol. 13, no. 10,
pp. 3781–3795, 2001.

[15] D. L. VanderHart, A. Asano, and J. W. Gilman, “Solid-state
NMR investigation of paramagnetic nylon-6 clay nanocompos-
ites. 2. Measurement of clay dispersion, crystal strati�cation,
and stability of organic modi�ers,” Chemistry of Materials, vol.
13, no. 10, pp. 3796–3809, 2001.

[16] Q. Chen, H. Hurosu, I. Ando, and X. Wu, “Solid-state variable-
temperature 1H MAS NMR studies on deuterated polyethy-
lene,” Solid State Nuclear Magnetic Resonance, vol. 7, no. 4, pp.
319–325, 1997.

[17] Y. J. Lee, B. Bingöl, T. Murakhtina et al., “High-resolution
solid-state NMR studies of poly(vinyl phosphonic acid) proton-
conducting polymer: molecular structure and proton dynam-
ics,” Journal of Physical Chemistry B, vol. 111, no. 33, pp.
9711–9721, 2007.

[18] F. A. Bovey and P. A. Mirau,NMR of Polymers, Academic Press,
New York, NY, USA, 1996.

[19] K. Schmidt andH.W. Spiess,Multidimensional Solid-StateNMR
and Polymers, Academic Press, London, UK, 1994.

[20] L. Y.Wang, P. F. Fang, C.H. Ye, and J.W. Feng, “Solid-stateNMR
characterizations on phase structures and molecular dynamics
of poly(ethylene-co-vinyl acetate),” Journal of Polymer Science
B, vol. 44, no. 19, pp. 2864–2879, 2006.



10 Journal of Nanomaterials

[21] L. Hillebrand, A. Schmidt, A. Bolz et al., “Nuclear mag-
netic resonance detection of two distinctly different chains in
the orthorhombic crystalline phase of polyethylenes,” Macro-
molecules, vol. 31, no. 15, pp. 5010–5021, 1998.

[22] W. Li, B. Jiang, A. Buda et al., “An NMR investigation on the
phase structure and molecular mobility of the novel exfoliated
polyethylene/palygorskite nanocomposites,” Journal of Polymer
Science B, vol. 48, no. 12, pp. 1363–1371, 2010.

[23] J. Heinemann, P. Reichert, R. omann, and R. Mülhaupt,
“Polyole�n nanocomposites formed by melt compounding and
transition metal catalyzed ethene homo- and copolymerization
in the presence of layered silicates,” Macromolecular Rapid
Communications, vol. 20, no. 8, pp. 423–430, 1999.

[24] H. Sertchook, H. Elimelech, C. Makarov et al., “Composite
particles of polyethylene @ silica,” Journal of the American
Chemical Society, vol. 129, no. 1, pp. 98–108, 2007.

[25] M. Bertmer, L. Gasper, D. E. Demco, B. Blümich, and V. M.
Litvinov, “Investigation of so component mobility in thermo-
plastic elastomers using homo- and heteronuclear dipolar �l-
tered 1H double quantum NMR experiments,”Macromolecular
Chemistry and Physics, vol. 205, no. 1, pp. 83–94, 2004.

[26] M. Bertmer, M. Wang, D. E. Demco, and B. Blümich, “Seg-
mental mobility in short-chain graed-PDMS by homo- and
heteronuclear residual dipolar couplings,” Solid State Nuclear
Magnetic Resonance, vol. 30, no. 1, pp. 45–54, 2006.

[27] Q. J. Zhang, W. X. Lin, G. Yang, and Q. Chen, “Studies on the
phase structure of ethylene-vinyl acetate copolymers by solid-
state 1H and 13C NMR,” Journal of Polymer Science B, vol. 40,
no. 19, pp. 2199–2207, 2002.

[28] T. F. L. Mckenna, A. D. Martino, G. Weickert, and J. B. P.
Soares, “Particle growth during the polymerization of ole�ns
on supported catalysts, 1—nascent polymer structures,”Macro-
molecular Reaction Engineering, vol. 4, no. 1, pp. 40–64, 2010.

[29] D. Jauffrès, O. Lame, G. Vigier, and F. Doré, “How nascent
structure of semicrystalline polymer powders enhances bulk
mechanical properties,” Macromolecules, vol. 41, no. 24, pp.
9793–9801, 2008.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2012, Article ID 905157, 19 pages
doi:10.1155/2012/905157

Review Article

3D Self-Supported Nanoarchitectured Arrays Electrodes for
Lithium-Ion Batteries

Xin Chen,1 Ying Du,1, 2 Nai Qing Zhang,2, 3 and Ke Ning Sun2, 3

1 Department of Chemistry, Harbin Institute of Technology, Harbin, Heilongjang 150001, China
2 Academy of Fundamental and Interdisciplinary Sciences, Harbin Institute of Technology, Harbin, Heilongjang 150001, China
3 State Key Laboratory of Urban Water Resource and Environment, Harbin Institute of Technology, Harbin,
Heilongjang 150001, China

Correspondence should be addressed to Ke Ning Sun, keningsun@yahoo.com.cn

Received 17 October 2012; Accepted 3 December 2012

Academic Editor: Jianmin Ma

Copyright © 2012 Xin Chen et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Three-dimensional self-supported nanoarchitectured arrays electrodes (3DSNAEs) consisting of a direct growth of nanoarchitec-
tured arrays on the conductive current collector, including homogeneous and heterogeneous nanoarchitectured arrays structures,
have been currently studied as the most promising electrodes owing to their synergies resulting from the multistructure hybrid
and integrating heterocomponents to address the requirements (high energy and power density) of superperformance lithium ion
batteries (LIBs) applied in portable electronic consumer devices, electric vehicles, large-scale electricity storage, and so on. In the
paper, recent advances in the strategies for the fabrication, selection of the different current collector substrates, and structural
configuration of 3DSNAEs with different cathode and anode materials are investigated in detail. The intrinsic relationship of the
unique structural characters, the conductive substrates, and electrochemical kinetic properties of 3DSNAEs is minutely analyzed.
Finally, the future design trends and directions of 3DSNAEs are highlighted, which may open a new avenue of developing ideal
multifunctional 3DSNAEs for further advanced LIBs.

1. Introduction

Currently, extensive concern about the increasingly wors-
ened environmental pollution and impending exhaustion of
limited energy resources has brought about the ever-going
demand for seeking renewable and clean energy sources to
cope with these serious energy and environmental issues [1–
3]. As a suitable energy source, lithium ion batteries (LIBs)
are being exploited for the widespread applications [4–7] in
portable electronic consumer devices, electric vehicles, and
large-scale electricity storage in intelligent grids, due to the
multiple superiorities such as high energy density, safety,
long life, low cost, and environmental benignity.

A typical commercial LIB consists of a positive electrode
(cathode) formed from layered LiCoO2, a nonaqueous liquid
electrolyte, and a graphite negative electrode (anode) in
Figure 1(a). During the charging process, lithium ion (Li+) is
deintercalated from the layered LiCoO2 host, passes through
the electrolyte, and is intercalated between the graphite

layers. Vice versa, discharge reverses this process. The elec-
trons, of course, pass across the external circuit [8]. To realize
the charge and discharge, the commercial LIBs are com-
monly constructed by electrodes and the electrolyte trapped
within a polypropylene separator, in which electrodes are
fabricated by the slurry procedure involved in mixing active
electrodes materials with conducting carbon and polymeric
binders and then casting them onto the current collector in
Figure 1(b).

The electrodes materials are rated on the basis of their
specific (gravimetric) capacity (mAh g−1), determined by
their charge/discharge graphs, and the degree of capacity
change upon cycling at different demands. Intense scru-
tinized cathode materials, mainly including LiCoO2,
LiMn2O4, LiNixMnyCozO2, LiFePO4, and V2O5 [9–13],
have their own unique structured merits, offering highly
accessible Li+ diffusion pathways and demerits like limited
specific capacities as well as poor capacity retention [14, 15].
Anode materials, such as carbon, silicon, alloy, metal oxides,
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Figure 1: Schematic showing (a) operating principles and components of the typical commercial cylindrical lithium ion batteries (LIBs),
(b) the slurry procedure of fabricating commercial electrodes, and (c) the configuration of novel 3D self-supported nanoarchitectured arrays
electrodes (3DSNAEs).

and metal sulfides/phosphides, exhibit high capacities
and couple to the poorly structured stability and volume
variation issues [16–24]. No matter how creative researchers
design new lithium intercalation materials, one drawback
exists due to the intrinsic diffusivity of Li+ in the solid
state (ca. 10−8 cm2 s−1), which unavoidably limits the
charge/discharge performance [25]. In this regard, many
efforts have been devoted to devise a variety of nanomaterials
with unique structures from zero-dimensional nanoparticles
and one-dimensional (1D) nanowires to three-dimensional
(3D) micro-/nanostructures and hollow- and core-shell
structures, resulting in improved electrochemical perfor-
mance to satisfy the demands of industrial applications
[25–31].

These nanomaterials aforementioned have great supe-
riorities [1, 32, 33] over their bulk counterparts. The
reduced dimensions of materials shorten the Li+ and electron
transport length, leading to higher capacity at high rates.
Meanwhile, a high surface area allows a large contact
interface between the electrode material and electrolyte and
enhances the Li+ flux across the interface, resulting in a
higher capacity. In addition, the small size could accommo-
date the strain associated with intercalation, reducing the
capacity losses. However, nanomaterials are not a panacea
to a certain extent and have some disadvantages [34, 35]

such as more side reactions with the electrolyte due to
the high electrolyte/electrode surface area, weak structure
stabilities induced by aggregations, and lower volumetric
energy density compared with microscale materials.

To transcend the above limitations of nanomaterials,
selecting a proper approach, a proper structure, and a proper
combination of various materials to assemble the active
materials into the desired structures is indispensable.
Recently, a novel configuration of 3D self-supported nanoar-
chitectured arrays electrodes (3DSNAEs) in Figure 1(c) has
attracted much attention owing to the combination of
diversified nanostructures’ merits, including high surface in
favor of high capacity, ordered and stable structures to the
benefit of buffering for the volume change and improving the
electric conductivity of electrodes, and lower aggregation and
collapse in comparison to nanoparticles [36–38]. This kind
of 3DSNAEs consists of a direct growth of nanoarchitectured
arrays on the conductive current collector, providing a
direct pathway for efficient charge transport along the arrays
axis and forming a 3D conductive network among active
materials, nanoarchitectured arrays pathways, and the con-
ductive current collector. Differencing from the traditional
slurry procedure, each nanoarchitectured array of 3DSNAEs
is directly connected to the current-carrying substrate
without any conductive and binder agents and allows for all
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structures’ contribution to the capacity and efficient charge
transport, leading to the excellent electrochemical properties
[37, 39, 40].

In this paper, detailed investigations are focused on
strategies for the fabrication, selection of the different
current collector substrates, and structural configuration of
3DSNAEs with different cathode and anode materials for
LIBs. The intrinsic relationship of the unique structural
characters, the conductive substrates, and electrochemical
kinetic properties of 3DSNAEs is minutely analyzed, and
recent work by our group is also summarized. Finally, the
problems and prospects are highlighted on this kind of
3DSNAEs.

2. Strategies for Fabrication

Nanoarchitectured arrays of 3DSNAEs, including 1D
nanowires (NWs), and nanotubes (NTs), nanorods (NRs),
are apparently influenced by their properties of the
conductive substrates, owing to the unique structures that
nanoarchitectured arrays are directly grown on the current
collector substrates. Different strategies, therefore, should
be made to fabricate the 3DSNAEs grown on the different
substrates. To the best of our knowledge, the conductive
substrates applied in the 3DSNAEs principally contain Al,
Cu, Ti, Ni, Au, Si, stainless steel (SS), Fe-based alloy, Sn-
doped In2O3 (ITO), and so on. And the strategies to fabricate
3DSNAEs may be classified into 3 categories in Figure 2,
namely, self-growing, wet-etching, and template-based
growth.

Self-growing in Figure 2(a) is the one for fabricating the
nanoarchitectured arrays directly grown on the substrates by
using a variety of techniques such as vapor phase growth,
hydro-/solvothermal growth, and solution-based growth.
Vapor phase growth including thermal chemical vapor
deposition (CVD), direct thermal evaporation [41], and
pulsed-laser deposition (PLD) is a straightforward way that
controls the reaction between oxygen gas and metal vapor
source in the light of vapor-liquid-solid and vapor-solid
mechanisms [42, 43]. CVD involves the process of growing
the nanoarchitectured arrays on the substrate surface via
the chemical reaction in the gas phase, which is resulted
from the vapor with the element of nanoarchitectured arrays
and other indispensable gases in the reactive chamber. By
using the CVD approach, Si NWs [37] and V2O5/SnO2 NWs
[44] could be directly grown on the SS substrate, and V2O5

nanoribbons [45] would be also done on the Si substrate.
Whilst employing the thermal evaporation technique, Si
nanopillars [46] and SnO2 NWs [47] could be orderly
grown on the SS substrate. Besides, hydro-/solvothermal
growth is a common method of preparing nanoarchitectured
arrays grown on the metal or alloy substrate. The process
involves the aqueous mixture of soluble metal salt (metal
and/or metal-organic) of the precursor material and the
treatment of the mixed solution in an autoclave filled under
elevated temperature from 100◦C to 300◦C and relatively
high pressure conditions >1 atm. Recently, MoOx NRs on
the Cu substrate [48], single-crystal mesoporous Co3O4

nanobelts [49] and α-Fe2O3 NRs [50] were prepared via the
hydro-/solvothermal method. These approaches aforemen-
tioned, however, ordinarily require high temperature or high
pressure. By comparison, the solution-based method based
on a liquid-solid growth mechanism has been extensively
exploited for preparing the free-standing nanoarchitectured
arrays at the low temperature, which could reduce consid-
erably the complexity and cost of fabrication [51, 52]. The
process is that a piece of substrate immersed in reaction
solutions generates a thin film with nanoarchitectured arrays
at a low temperature <100◦C for a while. For instance, the
homogeneous and dense arrays of ZnO NWs grown on
arbitrary substrates were produced by Greene et al. via the
liquid-solid growth [53], and Li et al. prepared mesoporous
Co3O4 NWs arrays on the Ti substrate by the ammonia-
induced solution growth [54].

Self-etching in Figure 2(b) involves a pure chemical
or electrochemical reaction process, in which the surface
layer of the conductive substrates is corroded and con-
verted immediately to nanoarchitectured arrays by using
the reactions between solutions and the etching materials.
Lately, some considerable efforts have been devoted to
fabricate ordered 1D Si nanostructured arrays via a metal-
assisted chemical etching approach [55, 56]. The etching
process included the following aspects: (a) the oxidant was
preferentially reduced on the surface of the noble metal; (b)
the holes resulted from the reduction of the oxidant on the
noble metal surface and were injected into the Si that was
in contact with the noble metal; (c) the Si was oxidized
and dissolved at the Si/metal interface by HF. Different from
the Si etching, a solution-based corrosion is also to prepare
nanoarchitectured arrays [57]. Immersed in alkaline solu-
tions, the surface layers of Cu foil and Ni grid were corroded
into 1D CuO arrays [58, 59] and Ni3S2 NW arrays [60],
respectively. In addition, self-organized TiO2 NTs arrays [61,
62] had been prepared via electrochemical anodization of Ti
foils by controlling the electrolyte composition as well as the
rate at which the resultant oxide was dissolved. To be excited,
a novel vapor-phase corrosion strategy had been developed
by our group to fabricate CuO hierarchically mesoporous
nanosheet-assembled gearlike pillar arrays (HMNGPAs) and
mesoporous nanosheet cluster arrays (MNCAs) [63, 64].
This strategy involved the oxidation, complexation, and
thermal decomposition processes and was simple, low-cost,
and broadly applicable, providing a new avenue for large-
scale configuration of nanoarchitectured arrays with unique
multifunctional properties.

Template-based growth, just as its name implies, is that
the employed materials deposited in the template decorated
on the substrate surface via a certain chemical or physical
approach are transformed to nanoarchitectured arrays by
removing the template membrane, as shown in Figure 2(c).
The AAO membrane is the most widely used template,
because of its facile preparation and the controllable uni-
formity pore distribution with lower ohmic drop, validating
the homogeneous electrolyte flow. For example, arrays of
perpendicular Cu nanopillars on the Cu foil substrate were
fabricated by Taberna et al. via cathodic electrodepositing
of the electrolyte with Cu2+ ion into the pores of AAO
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Figure 2: Schematic for the fabrication principle of 3DSNAEs by self-growing (a), self-etching (b), and template-based growth (c).

membrane [65]. Kim et al. [66] prepared vertical arrays
of MnO2 NWs on the Si substrate by the following steps:
(a) sputtering a thick aluminum layer on silicon chips, (b)
anodizing the aluminum layer, (c) anodic electrodepositing
of MnO2 NWs in the alumina pores, and (d) removing the
AAO layer. Besides, by employing the CVD and AAO tem-
plates technique, the vertically aligned core-shell Au/CNT-
V2O5 NRs arrays on the Al substrate had been synthesized
by Kim et al. shown in Figure 3 [67]. Coupled with the
previous irrigation from the top of templates, V2O5-TiO2

NRs arrays were prepared by a capillary-enforced template-
based method, filling into the pores of a polycarbonate
membrane (PC) from the bottom with VOSO4 and TiOSO4

solutions [68].

3. Selecting Substrate

The current collector substrate, as a main component of
3DSNAEs, plays a significant role in the configuration and
electrochemical performance of 3DSNAEs. The substrate
could be classified into three major categories shown in
Table 1: cathode substrate with high oxidation voltage (Al),
anodic substrate with high electrochemical stability in a low
voltage window (Cu), and multifunctional substrate, on the
basis of functions of 3DSNAEs for LIBs.

3.1. Cathode Substrate. Generally, cathode substrate used to
load cathode materials (LiCoO2, LiMn2O4, and LiFePO4)
requires high oxidation voltage and high electrochemical
stability in a wide voltage window. Al with multiple supe-
riorities, such as high oxidation voltage (5 V versus Li/Li+),
good electric conductivity, and low price, could be protected
by a thin and dense Al2O3 layer. However, in a low voltage
close to 0 V (versus Li/Li+), an Li-Al alloying process would
happen because of the deposition of dissolved Al3+ from
the Al2O3 layer of the Al foil [114, 115]. Therefore, Al is
mainly used as the current collector of cathode materials for
LIBs. The single-crystal V2O5 NRs and NTs arrays directly
connected to the planar Al substrate were fabricated by

Wang et al. via template-based electrodeposition and deliv-
ered 5 and 1.3 times higher capacity than sol-gel-derived
films at the same current density, respectively [69, 116, 117].
Despite the improved electrochemical performance of V2O5

nanoarchitectured arrays, the planar Al substrate has limited
surface area to provide the limited contact between active
materials and substrate. In this regard, Ni NRs arrays were
firstly grown on the planar Al substrate and then coated with
V2O5 to synthesize Ni-V2O5·nH2O nanocable arrays, which
delivered approximately 10 times higher capacities single-
crystal V2O5 NRs and 20 times higher than sol-gel-derived
V2O5 films, due to the large surface and short diffusion
path offered by the Ni-V2O5·nH2O nanocable arrays [118].
Afterwards, Al NRs arrays directly grown on the Al foil
to construct 3D current collectors for LIBs offered high
surface area and facilitated the contribution to the capacity of
active materials [119, 120]. For example, a vertically aligned
Au/CNT-V2O5 core-shell NRs electrode developed by Kim
et al. demonstrated high capacity (473.7 mAh g−1 at 1C rate)
and excellent rate performance (379.2 mAh g−1 at 10C rate)
owing to the aligned nanostructures with increased reaction
sites, facilitated charge transport, and improved mechanical
stability [67].

3.2. Anode Substrate. Cu foil has been extensively used as
the current collector of anode materials, because metal
Cu with good conductivity hardly forms the Li-Cu alloy
at a low voltage and could be oxidized and dissolved
at the high voltage (>3.6 V versus Li/Li+) [115]. Nickel
nanocones arrays (NCAs) which supported Si anode was
firstly constructed by Zhang et al. via the electrodepositing
and sputtering techniques and delivered a high capacity of
2400 mAh g−1 at 0.2C rate over 100 cycles, because Ni NCAs
facilitated charge collection and transport, supported the
electrode structure, and acted as inactive confining buffers
[121]. Thanks to factors that the chemical property of
metal Cu is considerably brisk and easy to be corroded by
acid or alkali solutions. The template-based growth is an
effective strategy to construct 3DSNAEs on the Cu substrate.
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Figure 3: Schematic of the fabrication process of Au/CNT-V2O5 core-shell nanorod arrays with the schematized electrochemical reaction
involving the nanostructured Li battery electrode [67].

Since Taberna et al. prepared Cu NRs arrays on the Cu
substrate to construct Cu NRs arrays supported Fe3O4 via
AAO template-based electrodeposition [65], many anode
materials such as Cu-Fe3O4 [122, 123], Cu-Sn [74, 124],
Cu-Bi [75], Cu-Cu3P [84], and Cu-Ni3Sn4 [18] have been
developed by the template-based growth. For example, as
the anode materials, Cu-Ni3Sn4 delivered a capacity of
500 mAh g−1 with no decay over 200 cycles at 0.8C rate. In
addition, solution-based growth is also an efficient way to
large-scale fabricateion of 3DSNAEs on the Cu substrate,
due to the easy realization of the preparation conditions.
By varying these parameters including the ratio of reaction
precursor ions, temperature, and immersing time, CuO NTs
[58], nanobelts [59], NRs [76], ZnO NRs [77], and Cu2S
NWs [83] could be directly grown on the Cu substrate. At
0.5C rate, CuO NRs delivered a high capacity of 650 mAh g−1

with no capacity decay even after 100 cycles. Even at a high
rate as high as 20C, Cu2S NWs were capable of delivering a
reversible capacity of 145 mAh g−1.

Metal Ni is widely available in many forms, such as foil,
grid, and felts, and is stable up to 4.5 V (versus Li/Li+), after
which the electrodissolution of Ni begins [125]. Ni is com-
monly used as the current collector of anode materials. Fan
et al. reported that freestanding Co3O4 nanosheets on the Ni

foil substrate delivered a reversible capacity of 631 mAh g−1

after 50 cycles at a constant current of 150 mA g−1 in a
fixed voltage window from 2.5 V to 0.01 V [87]. Wu et
al. prepared interconnected MnO2 NWs on the Ni foil
substrate by electrodeposition, which delivered reversible
capacity of 800 mAh g−1 and with low capacity decay after
100 cycles [86]. Additionally, the oriented Ni3S2 NWs arrays
on the Ni grid substrate fabricated via the solution-based
growth showed a reversible capacity of 430 mAh g−1 with the
capacity retention 80% over 100 cycles [60].

Fe is an inexpensive metal and cannot generate Li-Fe
alloy at 0 V (versus Li/Li+) during polarization in the
cathodic direction; thus, Fe-based alloy substrate could be
exploited for loading the metal oxide anode materials to
construct 3DSNAEs via the hydro-/solvothermal growth.
By controlling the conditions of the hydro-/solvothermal
growth, Liu and coworkers have prepared SnO2 NRs [88],
C/α-Fe2O3 NTs [89], ZnO/C NRs [90], and SnO2/C NRs
[126] directly grown on the Fe-base alloy substrate. The
C/α-Fe2O3 NTs retained a reversible capacity of as high as
659 mAh g−1 at 0.2C rate after 150 cycles, and the pristine
α-Fe2O3 NTs maintained only 384 mAh g−1 at the same
conditions. Such good electrochemical performance may be
attributed to the nanoscale intimate contact of α-Fe2O3 with
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Table 1: A summary of optimizing various electrode materials and suitable strategies to construct 3DSNAEs on various current collector
substrates.

3DSANEs Collector Materials Growth method Remark

Cathode
Al V2O5 [69], LiCoO2 [70]

Template-based chemical or
physical deposition

Needing complicated
synthesis techniques

Sn-doped
In2O3 (ITO)

V2O5-TiO2 [68], InVO4 [71] Chemical or physical deposition

Anode

Cu CNTs [72], Si [73], metal (Sn, Bi)
[74, 75], MO (M = Fe, Cu, Zn, Ni)
[65, 76–78], alloy (SnCo [79], NiSn
[18, 80, 81], SiGe [82]), Cu2S [83], Cu3P
[84], Sn/graphene [85]

Template-based chemical or
physical deposition

Solution-based growth
It is a technique for large
scale preparation

Ni Ni3S2 [60], MnO2 [86], Co3O4 [87]
Electrodeposition, solution-based
growth

Fe-based alloy MO (M = Sn, Fe, Zn) [88–90]
Hydrothermal, solution-based
growth

Gold SnO2 [91], CNT-MnO2 [92], SnCo [93] Template-based chemical or
physical deposition

Needing complicated
synthesis techniques

Cathode or
anode

The stainless
steel

CNTs [94], Ge [95], Si [37, 96–99],
CNT-Si [100], Si/Cu [101], SnO2 [47],
ITO/TiO2 [102], Ni/MnO2 [103],
Fe2O3/SnO2 [104], V2O5/SnO2 [44],
CNTs-LiCoO2 (LiMn2O4) [105],
CNTs-LiCoPO4 [106, 107]

Chemical/physical vapor deposition Needing high
temperature

Ti
V2O5 [108], MO (M = Ti, Co, Fe, Sn)
[49, 50, 62, 109]

Anodization, hydro/solvothermal,
Solution-based growth

It is a hope for large scale
preparation

Si
V2O5 [45], Si [56], Si/NiO [110], MnO2

[111], Cu2O [112], Sn [113]
Chemical/physical deposition,
etching

Needing complicated
synthesis techniques

conductive carbon framework and the unique porous tubu-
lar nanostructures readily derived from sacrificial template-
accelerated hydrolysis.

3.3. Dual Functional Substrate. Dual functional substrate,
including SS, Ti, Ni, and Si, could act as cathode or anode
substrate, owing to the superiorities such as a high oxidation
voltage and non-Li-metal alloying process in a low voltage.

As an inert substrate, SS with a high oxidation voltage
(5 V versus Li/Li+) has been widely used as the current
collector for LIBs, because the Cr and Fe oxides on the
surface protect the metal bulk from general corrosion. To the
best of our knowledge, CVD and physical vapor deposition
(PVD) are usually developed to construct 3DSNAEs on the
SS substrate. Masarapu et al. found that aligned multiwall
carbon nanotubes (MWNTs) on the SS substrate obtained by
CVD technique delivered an initial capacity of 132 mAh g−1

at 1C rate and a reversible capacity of 460 mAh g−1 after
1200 cycles, attributing to the morphology of the MWNTs
with structural and surface defects and the SS substrate’
contribution to capacity [94]. Chan and coworkers prepared
a series of Si-based nanoarchitectured arrays on the SS
substrate by using CVD [37, 72, 95, 97] and found that
Si NWs exhibited a stable capacity ∼3500 mAh g−1 for 20
cycles. Besides, Yan et al. used multistep CVD to construct
V2O5/SnO2 NWs with high power density of 60 kW kg−1

and energy density of as high as 282 Wh kg−1 [44]. Such
excellent performance might be ascribed to the unique

core/shell structure that the thin V2O5 layer was in favor of
the fast Li+ lithiation/delithiation, and the SnO2 core offered
a fast path for electron transportation and also increased
the utilization of V2O5. By employing PVD technique, the
vertical Si nanopillars arrays and single-crystal SnO2 NWs
on the SS substrate were also fabricated by Fleischauer et
al. [46] and Ko et al. [47]. The SnO2 NWs delivered a high
discharge capacity of 510 mAh g−1 after 50 cycles at 1C rate
and displayed superior rate capability of 440 mAh g−1 at 10C
rate.

Metal Ti is very resistive to the alkaline ammonia solution
and oxidation, does not alloy with lithium at low voltage,
and therefore is a good current collector material for LIBs
[127]. V2O5 nanobelt arrays on the Ti substrate prepared
via hydrothermal growth could deliver a reversible capacity
of 240 mAh g−1 stably after 50 cycles at the current density
of 400 mA g−1, and a high rate capacity of 150 mAh g−1 at
4000 mA g−1 [108]. And the mesoporous Co3O4 NWs arrays
on the Ti substrate via solution-based growth exhibited a
high reversible capacity of 859 mAh g−1 at the current density
of 111 mA g−1 and high rate capacities of 450 mAh g−1 at
2220 mA g−1 and 240 mAh g−1 at 5550 mA g−1 [54]. Whilst
directly anodizing and annealing Ti foil, the self-organized
TiO2 NTs on the Ti substrate could be obtained. Ortiz et
al. found that the amorphous TiO2 NTs delivered a highest
capacity of 77 μAh cm−2, and crystalline TiO2 NTs had the
best capacity retention up to 90% over 50 cycles [62]. Wei
et al. reported that the TiO2 NTs with 50 nm pore size and
20 nm thickness showed the highest reversible capacity of
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180 mAh g−1 over 140 cycles [128]. Liu and coworkers found
that TiO2 NTs annealed at N2 possessed an initial discharge
capacity of 163 mAh g−1 and maintained 145 mAh g−1 over
50 cycles and that TiO2 NTs annealed at CO exhibited an
initial capacity of 223 mAh g−1 with the reversible capacity of
179 mAh g−1 at the 50th cycle [129, 130]. The results might
be attributed to the presence of surface defects like Ti-C
species and Ti3+ groups with oxygen vacancies, improving
the charge-transfer conductivity of the arrays and promoting
phase transition.

Although Si could form Li-Si alloy at ca. 0.12 V (versus
Li/Li+), crystalline Si cores of core-shell crystal-amorphous
Si NWs functioned as not active material store but a stable
mechanical support [97]. Therefore, the Si substrate can act
as a dual functional substrate for loading cathode or anode
materials to construct 3DSNAEs. Chan et al. prepared single-
crystal V2O5 nanoribbons via thermal vapor deposition and
found that transformation of V2O5 into theω-Li3V2O5 phase
could take place within 10 s in thin nanoribbons, suggesting
a significant increase in battery power density [45]. Liu
and coworkers found that MnO2·0.5H2O nanowall arrays
electrodeposited on the Si substrate exhibited a reversible
capacity of 220 mAh g−1 over 50 cycles at 0.5C rate and
mesoporous MnO2·0.5H2O nanowall arrays with 500 nm
thickness delivered a stable capacity of 256 mAh g−1 [111,
131]. Such excellent electrochemical performance might be
ascribed to the hierarchically structured macro- and meso-
porosity of MnO2·0.5H2O, which offered a large surface area
to volume ratio of favoring interface faradic reactions and
shortened solid-state diffusion paths. Moreover, Kim et al.
prepared vertical arrays of Sn NWs on the Si substrate via
AAO template-based electrodeposition [113], which showed
the discharge capacity of 400 mAh g−1 after 15 cycles at the
current density of 4200 mA g−1.

4. Structural Configuration

As electrodes materials of LIBs, nanomaterials could enhance
charge/discharge kinetics and improve high Li storage capac-
ity, despite of suffering from low thermodynamic stabil-
ity and surface side-reactions. Optimizing and designing
proper nanoarchitectured arrays to take advantages and
restrain disadvantages of electrodes materials are, therefore,
of particular importance to the electrochemical properties
of 3DSNAEs. Types of the 3DSNAEs structure reviewed
here contain homogeneous nanoarchitectured arrays and
heterogeneous nanoarchitectured arrays (Figure 4).

4.1. Homogenous Nanoarchitectured Arrays. Homogenous
nanoarchitectured arrays, namely, single-component nanos-
tructure arrays, mainly include simple nanostructure arrays,
nanostructure cluster arrays, and nanostructure gearlike
arrays on the basis of the structure characteristic of nanoar-
chitectured arrays. For this category, nanostructure arrays
directly connected to the conductive substrate are used as
both the structural support and electroactive materials to
alleviate large strain without pulverization and provide good
electronic contact and conduction. Electroactive materials

of nanoarchitectured arrays, therefore, are considerably
rigorous and should possess the merits including a degree of
conductivity and easy growth controll.

Simple nanostructure arrays are commonly composed
of single-phase 1D NWs, NTs, and NRs arrays directly
connected to the conductive substrate. Up to now, the 1D
array materials such as V2O5 nanobelts [108], multiwall
carbon nanotubes (MWCNTs) [72, 94], Si NWs [132], Ge
NWs [95], Sn NWs [113], SnO2 NRs [88], and MnO2

NWs [86] have been developed to act as the 3DSNAEs
with rate capability and cycling stability. V2O5 nanobelts
directly grown on a Ti substrate based on the hydrogen
bonding action delivered high reversible capacity of 650
and 520 mAh g−1 after 50 cycles at the current density of
1.2 and 3 A g−1, respectively. MWCNTs directly grown on
a Cu current collector (MWCNT-on-Cu) in Figure 5 were
synthesized by a two-step process of catalyst deposition and
CVD and showed a high reversible capacity of 900 mAh g−1

after 50 cycles at 1C rate. Excellent electrochemical properties
of MWCNT-on-Cu structure could be ascribed to high Li ion
intercalation on the carbon nanotube walls, strongly bonding
with the Cu substrate and good conductivity.

Nanostructure cluster arrays, generally, consist of clusters
of assembled NWs, NRs, and nanosheets. Because NWs, NRs
and nanosheets are usually inclined to aggregate and form
the nanostructure clusters due to their structural instabil-
ity. Some nanostructure cluster arrays, recently, including
network-like and flower-like CuO [133, 134], CuO MNCAs
[64], and CuO pine-needle-like (PNL) arrays (see Figure 6)
[135], have been used as the 3DSNAEs with enhanced
lithium storage properties. CuO MNCAs synthesized by our
group exhibited a high reversible capacity of 639.8 mAh g−1

after 100 cycles at 1C rate and a high-rate capability of
548.8 mAh g−1 at 10C rate. CuO PNL arrays fabricated by
our group via an anodic route delivered high rate capacity of
545.9 and 492.2 mAh g−1 at 15C and 20C rates and exhibited
excellent cyclability of 583.1 mAh g−1 after 100 cycles at
2C rate. The enhanced lithium storage properties could be
ascribed to the unique nanostructure cluster arrays, which
provide suitable branches for lithium storage and suitable
free space to facilitate Li+ flux across the interface as well as
accommodating the large volume variation.

Nanostructure gearlike arrays. In this respect, the size of
arrays directly connect to the substrate is mainly microscale,
which is stable and easy to controlled synthesis by a
simple approach. Furthermore, microarrays are ordinarily
assembled by a mass of nanosheets, NWs, or NBs with the
same component, in favor of enlarging the contact areas
between active materials and electrolyte. The microscale
coglike CuO fabricated by the microemulsion-mediated
method exhibited a high reversible capacity of 583 mAh g−1

at a rate of 4C [136]. In our work, CuO HMNGPAs [63]
shown in Figure 7 have been synthesized via a novel vapor-
phase corrosion strategy and exhibited excellent cycling
stability of 651.6 mAh g−1 after 100 cycles at 0.5C rate and
high-rate capability of 561.6 mAh g−1 at 10C rate, because
the unique HMNGPAs consisting of numerous gearlike
pillars assembled by nanosheets could take full advantage of
both micro and nano, namely, micropillars with structural
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Homogenous nanoarchitectured arrays

Figure 4: Schematic of homogenous nanoarchitectured arrays. (a) Simple nanostructure arrays, (b) nanostructure cluster arrays, and (c)
nanostructure gearlike arrays.
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on-Cu anode in long-run, at 1C rate. (c) A schematic of the proposed lithiation/delithiation mechanism. (d) A schematic of the proposed
anode structure [72].

stability and mesoporous nanosheets with high lithium-
storage sites.

4.2. Heterogeneous Nanoarchitectured Arrays. Heterogeneous
nanoarchitectured array are hybrid nanostructure arrays
with multinanocomponents each tailored to satisfy different
demands such as high energy density, high conductivity, and
excellent mechanical stability. On the basis of the structural
characteristic, heterogeneous nanoarchitectured arrays could
be classified to six types, including (a) simple heterogeneous
nanostructure arrays, (b) coaxial or core/shell heterogeneous

nanostructure arrays, (c) semicoated grenadelike heteroge-
neous nanostructure arrays, (d) dispersed heterogeneous
nanostructure arrays, (e) branched heterogeneous nanos-
tructure arrays, and (h) folded heterogeneous nanostructure
arrays (Figure 8).

4.2.1. Simple Heterogeneous Nanostructure Arrays. Generally,
this kind of structure is composed of 1D array structures
with two or more components used as active materi-
als, on the basis of the dual lithium insertion/desertion
mechanism. V2O5-TiO2 NRs arrays with molar ratio
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V/Ti = 75/25 prepared by Takahashi et al. could deliver 1.5
times discharge capacity of V2O5 NRs at the current density
of 92 mA g−1, resulting from the change of crystallinity and
interaction forces between adjacent layers in V2O5 [68].
SnO2/α-Fe2O3 NTs arrays fabricated by Zeng et al. showed
high areal capacities of 1.289 mAh cm−2 at a current rate of
0.1 mA cm−2, possibly due to the synergistic lithium storage
of SnO2 and α-Fe2O3 electroactive materials [137].

4.2.2. Coaxial or Core/Shell Heterogeneous Nanostructure
Arrays. In this case, the coaxial or core/shell structures refer
to 1D array inner cores coated completely by other materials
as shells. The functions of 1D array inner cores and shells can
be both the structural support and electroactive materials on
the basis of the particularity of 1D array directly connected
to the conductive substrate.

While the 1D array inner cores are only used as the struc-
tural support, the outer shells are used as the electroactive
materials, and the unique structured materials containing

Al NRs-LiCoO2 (see Figure 9) [70], Cu NRs-Fe3O4 [65],
Cu-Si nanocable [138], Cu-Si1−xGex NWs [82], hybrid
ITO/TiO2 [102], and Ni/Si NWs [139] exhibit a super
high-rate performance. For example, the Cu-Si nanocable
exhibited a specific capacity as high as 1890 mAh g−1 under
a current density of 0.3 A g−1 and 1660 mAh g−1 under a
current density of 1.4 A g−1. Hybrid ITO/TiO2 demonstrated
an extremely low average capacity fading ∼0.1% per cycle
for 1000 cycles at a current density of 60C. The previous
excellent lithium storage properties could be related to the
unique Al, Cu, ITO, and Ni 1D nanostructures directly
connected to the conductive substrate, which act as inner
cores of electroactive materials and form the 3D conductive
network of the current collectors, providing both efficient
pathways for ion and electron transport, improving the
energy density per unit area.

The other strategy is that the 1D array inner cores act
as the active materials and the shell as conductive agents
(amorphous carbon). The semiconductor metal oxides have
been usually constructed to the core/shell Fe2O3/C NTs and
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NRs [50, 89], ZnO/C [90], and SnO2/C NRs [126] arrays,
wherein metal oxides functioned as both the active core and
the structural skeleton, and the carbon shells (nano-Cu) are
used to improve the conductivity of materials and suppress
the volume expansion. SnO2/C NRs prepared by a two-step
hydrothermal method exhibited a high reversible capacity
of 585 mAh g−1 after 50 cycles at 500 mA g−1. Furthermore,
a new copper-coating layer has better conductivity than
carbon and can suppress electrolyte decomposition on the
surface of 1D array. Chen et al. found the copper-coated Si
NWs showed an initial Coulombic efficiency of 90.3% at a
current density of 210 mA g−1 [101].

The third way is that the inner cores and shells are both
the active materials to construct the coaxial SnO2 NWs/CNTs
[91], hybrid MnO2/CNTs [92], and C-Si NTs sponge [140].
Hybrid MnO2/CNTs delivered the first discharge capacity
of 2170 mAh g−1 and a reversible capacity of ∼500 mAh g−1

after 15 cycles. This kind of material showed the good
charge/discharge performance, due to the dual lithium
storage mechanism of insertion/desertion, in which CNTs
acted as a highly conductive backbone to accommodate the
volume expansion and avoid agglomeration.

4.2.3. Semicoated Grenadelike Heterogeneous Nanostructure
Arrays. The grenadelike structure is analogous to the core/
shell structure and composed of inner cores and outer shells.
The difference, however, is that the outer shell of grenadelike
structures is semicoated. Generally, the inner core is the
major component with functional properties, while the outer
shell acts as the structural support. Ortiz et al. prepared
NWs SnO/NTs TiO2 [141] and NWs Fe2O3/NTs TiO2 (see
Figure 10) [142] in the matrix of TiO2 NTs by anodization
and electrodeposition. At the current density of 50 μA cm−2,
NWs SnO/NTs TiO2 exhibited a remarkable reversible
capacity of about 140 μAh cm−2 with the capacity retention
of ca. 85% over 50 cycles. The enhanced electrochemical
performance could be ascribed to the TiO2 NTs matrix that
allows the volume expansion during the Li+ insertion and
desertion process.

4.2.4. Dispersed Heterogeneous Nanostructure Arrays. In this
dispersed structure, nanomaterials are commonly anchored
on the surface of 1D array to be used as the electroactive
components or the conductive network for facile elec-
trons transport. While the 1D array (CNTs and Si NWs)
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Figure 10: SEM images (a) and structural schematic (b) of nanocomposite NWs Fe2O3/NTs TiO2, cycling life (c), and rate performance (d)
of nanocomposite electrodes [142].

functioned as the electrical conducting pathway and the
stable mechanical support for strain release, the anchored
nanomaterials including LiCoO2 (LiMn2O4) [105], LiCoPO4

[106, 107], and NiO NWs [110] acted as the electroac-
tive components. The binder-free LiCoO2-3 wt% SAC-
NTs composites could deliver high reversible capacities of
145.7 mAh g−1 at 0.1C rate and 130.4 mAh g−1 at 2C rate.
The ordered NiO-coated Si NWs arrays showed a reversible
capacity of 606.13 mAh g−1 at the rate of 50 mA g−1 after 30
cycles. While the dispersed nanomaterials (Ag nanoparticles)
are mainly applied to improve the conductive and utilization
of the active materials, the Co3O4-Ag NWs arrays exhibited
more than 82% capacity retention at the current density
of 2000 mA g−1 after 20 cycles, in comparison with 74%
capacity retention of the pristine Co3O4 arrays [143]. When
1D array and dispersed nanomaterials are both used as

electroactive materials, these structural materials of VA
CNTs-Si [100, 144–146] showed high rate capacities of
lithium storage. For instance, VA-CNTs/Si arrays shown
in Figure 11 via a two-step CVD technique exhibited high
discharge capacities of 2980, 1890, and 765 mAh g−1 at 1.3C,
5C and 15C rate, respectively.

4.2.5. Branched Heterogeneous Nanostructure Arrays. Being
similar to core-shell structure, branched heterogeneous
nanostructure arrays, generally, consist of an inner core and
outer shell with a branched structure and possess both all
desired functions of each component and a strong synergetic
enhancement. More specifically, the inner core provides a
direct pathway for electron transport, while the outer shell
maintains the structural stability of the inner core during the
discharge-charge process. The core-shell Ni/MnO2 hybrid
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[103] fabricated by Jiang et al. via a hydrothermal method
delivered reversible capacities of 690, 572, and 445 mAh g−1

at the current density of 1478, 2958, and 5804 mA g−1,
respectively. Zhou et al. reported that the branched α-
Fe2O3/SnO2 [104] (see Figure 12) prepared by combining
a vapor transport deposition and a facile hydrothermal
method showed a remarkably improved initial discharge
capacity of 1167 mAh g−1, which was about twice the SnO2

NWs (612 mAh g−1), and α-Fe2O3 NRs (598 mAh g−1). The
higher capacity of the branched α-Fe2O3/SnO2 is due to
that α-Fe2O3 branches provide new Li+ hosts, increase the
reversible capacity, and suppress the degradation of the core
SnO2.

4.2.6. Folded Heterogeneous Nanostructure Arrays. Even
though complicated, the folded heterogeneous nanostruc-
ture arrays are ordinarily composed of multilayered 1D
nanostructure arrays embedded between 2D sheets, offering
the morphological flexibility to hamper the structural col-
lapse and efficient transport of both Li+ and electrons and
leading to the excellent electrochemical performance [147].
Ji et al. reported that a multilayered graphene/Sn-nanopillar
nanostructure (Figure 13), by using the self-assembly and
annealing processes, retained a reversible capacity of 501 and
408 mAh g−1 at a current density of 1 and 5 A g−1 after 35
cycles, respectively, which could be attributed to that both
graphene and Sn served as electroactive materials, electronic
conductive materials, and mechanically supporting materials
[85].

5. Conclusions and Outlook

In conclusion, the recent advances in the design, fabrica-
tion, and properties of 3DSNAEs with homogeneous or
heterogeneous nanoarchitectured structures for LIBs have
been reviewed in detail here. Table 1 illustrates an evalua-
tion of optimizing various electrode materials and suitable
strategies to construct 3DSNAEs on various current collector
substrates. From an industrial perspective, solution-based
growth at low temperature and hydrothermal methods are
considered to be most promising for constructing 3DSNAEs
with proper electrode materials and proper electrode struc-
tures.

Evidently, the nanostructure arrays of 3DSNAEs con-
nected to the conductive collector substrate become mechan-
ically unstable when they are grown excessively long in the
axial direction. Besides, the electrochemical performance
of 3DSNAEs strongly depends on the physical/chemical
properties of interface within the heterogeneous nanoarchi-
tectured structures. Systematic/synergetic combining of the
mechanical integrity and electrochemical kinetic properties
of 3DSNAEs, therefore, will be required to the development
of high-performance LIBs.

It can be seen that a large amount of research has been
made in designing homogeneous or heterogeneous nano-
architectured arrays in 3DSNAEs. On one hand, the hybrid
structures among 1D NWs, NRs, and 2D nanosheets increase
the specific energy density (especially the area and volu-
metric energy densities) of electrodes, by making full use
of voids within the electrodes, and function simultaneously
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as “stabilizers” and “buffers” to the 3DSNAEs with excellent
cycling stability. On the other, the heterogeneous com-
ponents concept opens a promising avenue for designing
multifunctional 3DSNAEs by integrating the superiorities of
each constituent. Therefore, designing the multifunctional
3DSNAEs with synergic properties by selecting suitable
electrode materials and suitable structures is a bright way
to address different requirements (high energy density, high
conductivity, good mechanical stability, etc.) of superperfor-
mance LIBs applied in portable electronic consumer devices,
electric vehicles, and large-scale electricity storage.
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