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Abstract Hollow nanostructured anode materials lie at

the heart of research relating to Li-ion batteries, which

require high capacity, high rate capability, and high safety.

The higher capacity and higher rate capability for hollow

nanostructured anode materials than that for the bulk

counterparts can be attributed to their higher surface area,

shorter path length for Li? transport, and more freedom for

volume change, which can reduce the overpotential and

allow better reaction kinetics at the electrode surface. In

this article, we review recent research activities on hollow

nanostructured anode materials for Li-ion batteries,

including carbon materials, metals, metal oxides, and their

hybrid materials. The major goal of this review is to

highlight some recent progresses in using these hollow

nanomaterials as anode materials to develop Li-ion bat-

teries with high capacity, high rate capability, and excellent

cycling stability.
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Introduction

With great success in the portable electronic sector, Li-ion

batteries have been considered the most promising energy

storage technology for hybrid, plug-in hybrid, and electric

vehicle applications, which are central to the reduction of

CO2 emissions arising from transportation. A Li-ion battery

is mainly composed of an anode (negative), a cathode

(positive), an electrolyte, and a separator (Fig. 1). Previous

studies have showed that there are two categories of cathode

materials [1]. One comprises layered compounds with an

anion close-packed lattice; transition metal cations occupy

alternate layers between the anion sheets and lithium ions

are intercalated into remaining empty layers. This kind of

electrode materials includes LiCoO2, LiNi1-xCoxO2, LiM-

nO2 and LiNiO2. The second group of cathode materials has

more open structure, such as vanadium oxides (e.g. V2O5),

the tunnel compounds of manganese oxides (e.g. MnO2)

and transition metal phosphates (e.g. the olivine LiFePO4).

The anode materials include insertion-type materials (such

as carbon materials, Li4Ti5O12, TiO2), conversion-type

materials (such as cobalt oxides, iron oxides, nickel oxides),

and alloying-type materials (such as Sn, Si, Ge) [1]. The

electrolytes are good ionic conductors and electronic insu-

lators, and most of electrolytes are based on the solution of

inorganic lithium salts dissolved in a mixture of two or more

organic solvents. The function of the separator is to prevent

short circuiting between the anode and the cathode and to

provide channels for transportation of Li? during the

charge/discharge process. On charging, lithium ions are

deintercalated from cathode intercalation host, pass across

the electrolyte, and are intercalated in the anode such as

graphite. Discharge reverses this process (Fig. 1). The

electrons pass around the external circuit.

Past decades have witnessed tremendous progress in

Li-ion batteries [1–5]; however, there are continuous

demands for batteries with higher power and energy den-

sity and longer cycling life to power newly emerging

electronic devices, advanced communication facilities. As

the performance of Li-ion batteries strongly depends on the

electrode properties, significant improvements in the
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electrochemical properties of electrode materials are

essential to meet the demanding requirements these

applications. One example of this improvement is the rapid

development of nanostructured electrode materials [2]. The

size reduction into nanoscale leads to increased electrode/

electrolyte contact areas and shortened Li? transport dis-

tance, permitting batteries to operate at higher power.

Among these nanostructured materials, hollow nanomate-

rials, such as hollow micro/nanospheres and nanotubes, are

special and unique. Due to their well-defined interior voids,

low density, large surface area, and surface permeability,

these nanostructured materials have wide applications in a

number of areas including Li-ion batteries, catalysts,

optoelectronic sensors, drug-delivery carries, and chemical

reactors [6–28]. Besides their large surface area and short

effective diffusion distance for Li?, the cavities in hollow

structured electrodes for Li-ion batteries may provide extra

space for the storage of Li?, beneficial for enhancing

specific capacity. Furthermore, the void space in hollow

structures buffers against the local volume change during

Li insertion/desertion and is able to alleviate pulverization

and aggregation of the electrode materials, hence improv-

ing cycling performance. The present article provides a

simple overview on the hollow nanostructured anode

materials for Li-ion batteries, including carbon materials,

metals, metal oxides, and their hybrid materials.

Carbon Materials

Commercial Li-ion batteries usually employ carbonaceous

materials as anodes, in which Li? is inserted during

charging. The resulting Li-interacted carbons exhibit a low

potential close to that of metal Li electrode. With carbo-

naceous materials as anodes, the knotty problems of den-

drite formation in the initially employed metal Li anode can

be avoided, and the safety of Li-ion batteries are improved

greatly. Carbon materials are usually specified into three

groups, namely, graphite and graphitized materials,

ungraphitized soft carbon, and hard carbon [3]. Graphite is

most widely used due to its stable specific capacity (a the-

oretical capacity of 372 mA h g-1, forming LiC6), small

irreversible capacity, and good cycling performance. Soft

carbon materials exhibit a very high reversible Li-storage

capacity but a serious voltage hysteresis during delithia-

tion. Hard carbon shows a high Li-storage capacity of

200–600 mA h g-1 and good power capability, but poor

electrical conductivity and a large irreversible capacity.

To improve the diffusion coefficient of Li?, Müller et al.

designed and fabricated a new type of nanographene-con-

structed hollow carbon nanospheres (NGHCs) via the

precursor-controlled pyrolysis approach [29]. Figure 2a

shows the detailed formation procedures for these unique

hollow nanostructured carbon anodes. During the fabrica-

tion process, they employed discotic nanographenes as

building blocks and SiO2/space/mesoporous SiO2 nano-

spheres as templates. The obtained NGHCs exhibit uniform

size (about 340 nm in diameter) and thin interior solid

walls (70 nm thickness). In the exterior walls of NGHCs,

nanochannels arrange perpendicularly to the surface of

hollow nanospheres, which is favorable for Li? diffusion

from different orientations, while the interior graphitic

solid walls of these hollow carbon nanospheres can facil-

itate the collection and transport of electrons during the

discharge/charge process (Fig. 2b). When used as anode

materials, these NGHCs show a large irreversible capacity

of about 1,000 mA h g-1 during the first discharge and

charge process. After 30 cycles at a rate of C/5 (one Li per

six formula units (LiC6) in 5 h), the reversible capacity is

stable at about 600 mA h g-1. Upon increasing the dis-

charge/charge rates to 1C and 5C, its reversible capacities
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Fig. 2 a Schematic presentation of the fabrication of nanographene-

constructed hollow carbon nanospheres (NGHCs); b diffusion of

lithium ions and electrons during charge/discharge processes of the

NGHCs electrode. In the exterior walls of NGHCs, nanochannels

arrange perpendicularly to the surface of curved nanospheres, which

is favorable for Li? diffusion from different orientations; the interior

graphitic solid walls facilitate the collection and transport of electrons

during the cycling process [29]

1526 Nanoscale Res Lett (2010) 5:1525–1534

123



can be maintained at 390 and 275 mA h g-1, respectively.

The high performance of these unique hollow nanostruc-

tured carbon materials is ascribed to the high electrical

conductivity and rapid charge-transfer reaction for Li?

insertion and extraction. Song et al. reported the fabrication

of hollow grapheme oxide microspheres (HGOSs,

2–10 lm in diameter) from grapheme oxide nanosheets

utilizing a water-in-oil emulsion technique [30]. The heat-

treated HGOSs exhibit a 485 mA h g-1 reversible capacity

and high rate performance due to the hollow nanostructure,

thin and porous shells consisting of grapheme. Similarly,

Zhao et al. reported the fabrication of hollow carbon

microspheres with smooth single shells, deformed single

shells, double shells, and N-doped shells using SiO2

microspheres as templates and benzene as carbon precursor

via chemical vapor deposition [31]. These hollow carbon

microspheres cycled very well after 100 cycles at high

current density. Electrochemical experiments also demon-

strated that the cyclability of hollow carbon microspheres

was improved after doping with N.

Metal Oxides and Composites

Although carbon anode materials have received wide-range

applications in Li-ion batteries, it is recognized that gra-

phitic carbon anodes suffer from solvent co-intercalation in

propylene-carbonate-based electrolytes, which results in

large interlayer expansion and subsequent degradation of

structure. Furthermore, the gravimetric and volumetric

capacity of carbon materials is limited. The rapid devel-

opment of electronic devices and electric vehicles demands

a much higher energy density. Therefore, some other metal

or alloy and transition-metal oxides have been explored as

anodes for Li-ion batteries. These transition-metal oxide

anodes can be specified into insertion-type materials (such

as Li4Ti5O12, TiO2) [32–35], alloying-type materials (such

as SnO2, SnO) [36–44], and conversion-type materials

(such as Co3O4, Fe2O3) [45].

Insertion-Type Materials

Among these insertion-type oxide anode materials for

Li-ion batteries, Li4Ti15O12 has been considered as one of

the most promising alternatives due to its special charac-

ters, such as a small volume change during charge/dis-

charge process (zero strain insertion materials), which

enables a long and stable cycle life, and a stable insertion

potential at 1.55 V versus Li, which avoids the reduction

reaction of electrolyte. Additionally, Li4Ti15O12 also has an

excellent Li? mobility, hence promising for high rate

battery applications. Zhou et al. reported the fabrication of

Li4Ti5O12 hollow microspheres by a sol–gel process using

carbon microspheres as templates [32]. The Li4Ti5O12

hollow microspheres show higher Li storage capacity,

especially at higher current rates. It is believed that the short

Li? diffusion distance and large contact area between

Li4Ti5O12 electrode and electrolyte increased both the

efficiency of Li? and electronic conductivity, hence the rate

capability. Jiang et al. prepared hollow spherical Li4Ti5O12

by the emulsion method [33]. This hollow spheres can be

charged/discharged at 20C (3.4 A g-1) with the specific

capacity of 95 mA h g-1. Over 500 cycles charge and

discharge at 2C, the specific capacity stays very stable at

140 mA h g-1with a loss of 0.01% per cycle. Besides these

common hollow spheres of Li4Ti5O12 anode materials,

three-dimensional hierarchical hollow microspheres

assembled by thin nanosheets were reported [34]. Hollow

structured nanomaterials of other insertion-type oxide

materials such as TiO2 have also been reported [35, 36].

Alloying-Type Materials

Transition-metal oxide anodes based on alloying reaction is

another very important kind of anode materials for Li-ion

batteries as they show high theoretical capacity. SnO2-

based nanostructured materials have been attracting

intensive research attention as high-capacity anodes for a

variety of reasons, including their high theoretical capacity,

low cost, low toxicity, and widespread availability. A

major drawback affects the developing of these materials,

that is, the large volume expansion–contraction accompa-

nies the lithium alloying–dealloying or metal reducing and

oxidizing process [37, 38, 46]. These volume variations

result in severe mechanical strains, which greatly limit the

cycling life of electrodes. The use of nanostructured

materials is an effective approach for enhancing the rate

capability of solid-state electrodes. For example, the hol-

low or porous nanostructures provide convenient access to

Li? ingress/egress for reactivity with the active electrode.

Archer et al. reported a simple one-pot template-free syn-

thesis of SnO2 hollow nanospheres, based on an Ostwald

ripening mechanism [37]. Through adjusting the polarity of

the mixed solvent and precursor concentration, discrete

spherical hollow and interconnected hollow core/shell-type

SnO2 nanostructures were prepared with controlled sizes.

When used as anode materials, these hollow nanospheres

exhibit improved electrochemical properties compared

with SnO2 nanoparticles. Based on this work, they

designed a new type of nanoarchitecture, coaxial SnO2/C

hollow nanospheres, which show high cycling performance

and rate capability [38]. Figure 3a shows the detailed for-

mation procedures of this unique nanostructure. Firstly,

SiO2 nanospheres were coated with uniform SnO2. These

core/shell SiO2/SnO2 nanospheres were then coated with

glucose-derived carbon-rich polysaccharide (containing
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abundant hydroxyl groups) by hydrothermal route. Finally,

after carbonization, these SiO2 nanospheres were removed

to form SnO2/C hollow nanospheres. Figure 3b–g shows

the morphology and microstructure of these SnO2/C hollow

nanospheres. From Fig. 3d and e, it can be seen that the C

shell is tightly attached to SnO2 shell, which is beneficial

for mechanical reinforcement and for enhancing electronic

conduction. These hollow nanocomposites deliver a stable

capacity of about 210 mA h g-1 at a high rate of 4.8C (1C

denoted as 625 mA h g-1). After more than 200 cycles at a

rate of 0.32C, a stable high capacity of 500 mA h g-1 can

be resumed.

Recently, Xue group has successfully designed a tem-

plate-free route for chemical synthesis of SnO2–V2O5

double-shelled nanocapsules [46]. The formation mecha-

nism of these double-shelled hollow nanocapsules is a

combination of two types of Ostwald ripening processes

(both inward and outward ripening cases), which are shown

in Fig. 4 in detail. Ostwald ripening commonly refers to the

solution process in which ‘the growth of larger crystals

from those of smaller size which have a higher solubility

than the larger ones’ [6, 39, 47, 48]. Inward ripening means

that the mass relocation starts from the surface region,

while outward ripening refers to the mass transport starting

from the center of crystallite aggregate. During the solid

hollowing process, because the outer crystallites were

loosely packed and/or with smaller crystallite size, crys-

tallites located on the outermost surface of V2O3–SnO2

solid nanospheres would serve as starting points for the

subsequent recrystallization process, that is, Ostwald

ripening firstly took place at the surface of these solid

nanospheres. Following this inward ripening process, the

solid core of nanospheres ripened outward furthermore,

leading to double-shelled metal oxide hollow nanocapsules.

Finally, double-shelled V2O5–SnO2 nanocapsules were

achieved by calcination of these V2O3–SnO2 nanocapsules

in ambient air. Figure 5 shows the shape and surface mor-

phology of these nanocomposite nanocapsules. As shown in

Fig. 5a, these hollow nanocomposites can be produced on

large scale with uniform size and morphology without

aggregation. The inset of Fig. 5a is the schematic structure

of the double-shelled nanocapsules, which can be confirmed

by TEM characterizations. From Fig. 5b–g, it can be seen

that these double-shelled nanocapsules have an average

diameter of 550 nm, and SnO2 tiny nanocrystals are hom-

ogenously distributed in V2O5 matrix (double shells). Fig-

ure 6 shows the electrochemical performance of these oxide

nanocomposites used as anode materials. These V2O5–

SnO2 hollow nanocapsules show a large reversible capacity

of 947 mA h g-1 (Fig. 6a). After 50 cycles (at a current

density of 250 mA g-1), V2O5–SnO2 nanocomposites still

can deliver a reversible capacity of 673 mA h g-1, 70% of

its initial capacity (Fig. 6b). Additional, these hollow

nanostructured composites have a good rate capability as

anode material. If the content of SnO2 is increased in

nanocomposites, the reversible capacity as anode electrode

can be improved simultaneously. Figure 7 shows the elec-

trochemical characterization of nanocomposites with 15

wt% SnO2 content. Figure 7a shows the charge/discharge

curves of initial 20 cycles for these nanocomposites at a

current density of 330 mA g-1 in 0.01–3 V. Its first dis-

charge capacity is 1,776 mA h g-1, after 20 cycles, the

reversible discharge capacity maintains at 1,046 mA h g-1

without obvious capacity fading except for the first cycle

(Fig. 7b), larger than that of nanocomposites with 10 wt%

SnO2, which should be ascribed to the existence of more

active SnO2 component.

SiO2/SnO2SiO2 SiO2/SnO2/C  SnO2/C  

a 

b c d

e f g

Fig. 3 a Schematics of formation of SnO2/C coaxial hollow nano-

spheres; b, c SEM images of SnO2/C coaxial hollow nanospheres;

d, e TEM images of SnO2/C coaxial hollow nanospheres; f SEM

image of double-shelled SnO2 hollow nanospheres; g TEM image of

double-shelled SnO2 hollow nanospheres [38]. Copyright Wiley–

VCH Verlag Gmbh & Co. KGaA. Reproduced with permission
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Fig. 4 Schematic presentation of the formation process of V2O5–

SnO2 double-shelled nanocapsules based on Ostwald ripening
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As V2O5 is a typical cathode material for Li-ion batteries,

we have also tested their cathode performance. Figure 8a

shows first two charge/discharge curves of a Li/V2O5–SnO2

cell in the voltage window of 2–4 V at a current density

of 50 mA g-1. The first discharge and charge capacities

are both around 250 mA h g-1 (Fig. 8a), which is close

to the theoretical capacity for two Li insertion into

V2O5 (290 mA h g-1) [4]. At a high current density of

500 mA g-1, these nanocomposites are able to deliver a

reversible capacity of about 140 mA h g-1, about 56% of

its full capacity. Figure 8b shows the cycle performance of

double-shelled nanocapsules between 2 and 4 V at a current

density of 100 mA g-1 for 50 cycles, indicating a good

capacity retention and high columbic efficiency. After 50

cycles, these V2O5–SnO2 hollow nanocapsules deliver a

reversible capacity of 174 mA h g-1, corresponding to

82% of its initial capacity (Fig. 8b). Except for the first

several cycles, the columbic efficiency for the rest of cycles

is always above 99% (Fig. 8b).

In addition to these hollow micro/nanospheres, some

one-dimensional hollow structured SnO2-based nanomate-

rials have also been synthesized and employed as anodes

for Li-ion batteries [42–45]. Qi et al. reported the synthesis

of SnO2 nanotubes with controllable morphologies using a

variety of one-dimensional SiO2 mesostructures (chiral

nanorods, nonchiral nanofibers, and helical nanotubes) as
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Fig. 5 a SEM image of V2O5–SnO2 double-shelled nanocapsules.

Inset shows the schematic structure of these double-shelled nanocap-

sules. The red spheres represent SnO2 nanocrystals and the green

double shells represent the V2O5 matrix; b low-magnification TEM

images; c, d high-magnification TEM images indicate that the porous

shell consists of a great deal of nanocrystals with the thickness of

R1 & R2 = 90 nm; e–g HRTEM images revealing lattice planes of

V2O5 matrix and SnO2 nanocrystals; h SAED pattern taken from

individual nanocapsules which shows that these nanocapsules are

polycrystalline. Reproduced with the permission of American Chem-

ical Society from [46]
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effective sacrificial templates [42]. The as-obtained SnO2

short nanotubes, which were fabricated with SiO2 chiral

nanorods as templates, show a specific discharge capacity

of 468 mA h g-1 after 30 cycles. Lee et al. reported the

synthesis of C/SnO2 porous nanotubes through template

deposition method with carbon nanotubes as templates

[43]. These C–SnO2 hollow nanocomposites exhibit a

reversible capacity of 600 mA h g-1 and a good cyclabil-

ity in Li? storage and retrieval.

Conversion-Type Materials

On the other hand, lithium reaction of some 3d transition-

metal oxides is a conversion reaction, similar to non-alloy

metal oxides, such as Co3O4, CuO, and Fe2O3 [49], which

can be reversibly reduced and oxidized, coupled with the

formation and destruction of lithium oxide, respectively.

Recently, Xue group reported a novel self-templated

method to synthesized anisotropic Co3O4 porous and hollow

nanocapsules derived from CoCO3 precursors [49]. The

current self-template method is based on inside-out Ostwald

ripening. Figure 9a illustrates the self-template transfor-

mation process for the synthesis of anisotropic Co3O4 por-

ous and hollow nanocapsules from CoCO3 precursors.

During the solvothermal process, two aggregated spherical

CoCO3 colloids fused together under the driving force

of magnetic dipole interaction between these spherical

precursor colloids, forming anisotropic dumbbell-like col-

loids. Subsequently, these newly formed dumbbell-like

colloids ripened into column-like colloids. The formation of

nanoporous Co3O4 shells is attributed to the release of CO2

from the CoCO3 nanocrystals along different directions.

Interestingly, when these column-like precursor colloids

were further solvothermally treated, monodisperse spindle-

like nanoparticles were achieved. Figure 10 shows the sur-

face morphology and microstructure of spindle-like Co3O4

porous and hollow nanocapsules obtained from the corre-

sponding spindle-like CoCO3 precursors. From Fig. 10a, it

can be clearly observed that these spindle-like Co3O4 hol-

low nanocapsules have a uniform size or diameter. Some

broken hollow nanocapsules can be clearly distinguished,

which confirms their hollow character. Furthermore, the

hollow nature of the as-prepared spindle-like Co3O4 can be

further proved by the TEM image (Fig. 10b). The contrast

between the central portion and the edge of Co3O4 colloids

strongly supports the formation of hollow spindle-like col-

loids. Similar to column-like Co3O4 nanocapsules, these

spindle-like nanocapsules have nanoporous shells with

dense nanopores (Fig. 10c, d). These Co3O4 porous nano-

capsules should exhibit super Li-ion battery performances
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with good cycle life and high capacity due to their porous

and hollow nanostructures and small size of building blocks.

Figure 11a shows the first discharge/charge curves at a

current density of 110 mA g-1. These anisotropic Co3O4

porous and hollow nanocapsules have a large initial dis-

charge capacity of 1,572 mA h g-1 and show a very high

reversible capacity of 1,018 mA h g-1. These Co3O4 hol-

low nanocapsules have an excellent cyclability. Except the

first cycle (about 1,263 mA h g-1), the other twenty-one

cycles almost maintain constant at *1,000 mA h g-1

(Fig. 11b), which shows small irreversible capacity, high

reversible capacity and good cycle life.

Similarly, single-, double-, and triple-shelled hollow

nanospheres of Co3O4 can be prepared with poly(vinyl-

pyrrolidone) (PVP) as soft templates (Fig. 12) [50]. The

final Co3O4 products were converted from cobalt glycolate

through calcination. The first discharge capacities of sin-

gle-, double-, and triple-shelled hollow nanospheres are

about 1,199, 1,013 and 1,528 mA h g-1, respectively.

After 50 cycles, the capacity can remain as 680, 866, and

611 mA h g-1, respectively. Archer et al. developed a self-

supported topotactic transformation route for synthesis of

need-like Co3O4 nanotube anode materials (Fig. 13a) [51].

Figure 13b and c shows the low- and high-magnification
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Fig. 10 SEM and TEM characterizations of spindle-like Co3O4

porous and hollow nanocapsules: a low-magnification SEM image

exhibiting that these spindle-like nanocapsules have porous shell;

b low-magnification TEM image showing a single porous Co3O4

nanocapsule; c high-magnification TEM image indicates that the

porous shell consists of a great deal of Co3O4 nanocrystals in the size

of *20 nm. The inset is the SAED pattern taken from a single

nanocapsule, indicating that these porous nanocapsules are polycrys-

talline; d HRTEM image of Co3O4 nanocrystals revealing the (111)

lattice plane
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Fig. 11 a The first charge–discharge curves of anisotropic Co3O4

porous nanocapsules at a current density of 110 mA g-1; b cycling

performance of Co3O4 porous nanocapsules at a current density of

130 mA g-1
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2+ Cobalt glycolate 

a 

b c d

Fig. 12 a Schematic presentation fabrication of single-shelled,

double-shelled and triple-shelled cobalt precursors in the presence

of PVP templates; b TEM image of single-shelled cobalt glycolate;

c TEM image of double-shelled cobalt glycolate; d TEM image of

triple-shelled cobalt glycolate [50]. Copyright Wiley–VCH Verlag

Gmbh & Co. KGaA. Reproduced with permission
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SEM images of need-like Co3O4 nanotube, respectively. It

can be clearly observed that these nanotubes with non-

constant diameter in the range of 150–400 nm are cylin-

drical and constructed from Co3O4 building blocks of less

than 100 nm. These need-like Co3O4 nanotubes exhibit a

first charge capacity of 950 mA h g-1, and 380 mA h g-1

for 80th cycle. Co3O4 porous nanotubes derived from

Co4(CO)12 on carbon nanotube templates exhibit similar

electrochemical performance [52].

Metals and Composites

In order to reduce their irreversible capacity observed in

these oxide anodes, oxygen bonded to the electrochemically

active metal atom should be avoided. Li alloy–dealloy

induces dissociation of the starting materials into active

components that will react with Li to form Li-metal alloys.

Many metal materials such as Si, Ge, and Sn have been

reveled to capable of accommodating Li? with both higher

Li storage capacities than Li reactive metal oxides and

much smaller irreversible capacity [53–62]. Among them,

much attention has been focused on Si due to its higher

capacity, in spite of its much lower electrical conductivity

than other metals [53–56]. Si can alloy with Li up to Li4.4Si,

corresponding to 4,212 mA h g-1 (4.4 Li ? Si $ Li4.4Si).

However, Si suffers from serious irreversible capacity and

poor cyclability, which result from the huge volume swings

during Li? insertion/extraction process. This pulverization

disadvantage is the disgusting obstacle for practical appli-

cation of Si as the anode for Li-ion batteries. To overcome

this drawback, two strategies have been proposed: using

composite materials and forming nanostructured Si-based

materials (e.g. Si porous hollow nanospheres). For example,

nest-like Si hollow nanospheres were fabricated through

solvothermal treatment based on a bubble template

(Fig. 14a) [53]. These Si hollow nanospheres are in diam-

eter of 90–110 nm (Fig. 14b) and are composed of ultrahigh

and flexural nanowires with the diameter of 5–10 nm

(Fig. 14c, d). Due to the three-dimensional hollow nano-

structure, these Si hollow nanospheres have high surface

area (386 m2 g-1). These nest-like Si hollow nanospheres

display an initial specific capacity of 3,052 mA h g-1 at a

current density of 2 A g-1. After cycling up to 48 cycles at

this current density, the Si nanostructured anode retains

1,095 mA h g-1. With other synthetic methods, some

similar hollow nanostructured Sn and Sb anode materials

have also been fabricated [57, 58].

For providing conduction paths that are maintained even

after pulverization, variousmetal–C nanocomposites includ-

ing hollow nanostructures have been achieved through

conversion of carbon precursors to amorphous or partially

crystalline carbon [59–62]. For example, Sn nanoparticles

encapsulated in elastic hollowC nanospheres (TNHCs) were

designed based on SiO2 colloid templates (Fig. 15a) [59]. As

shown in Fig. 15c and d, the encapsulated Sn nanocrystals

have a diameter of less than 100 nm, and the thickness of C

hollow nanospheres is about 20 nm. The void volume

(70–80%) and the elasticity of thin C spherical shell can

efficiently accommodate the volume change of Sn nano-

particles due to the Li-Sn alloying–dealloying reactions and

d

b

c

a

Co(OH)2 Co(OH)2 Co3O4

Fig. 13 a Schematic presentation of the self-supported topotactic

transformation process for formation of needle-like Co3O4 nanotubes;

b low-magnification SEM image of Co3O4 nanotubes; c high-

magnification SEM image of Co3O4 nanotubes, the inset shows a

cross-sectional view of nanotubes; d TEM image of a single nanotube

[51]. Copyright Wiley–VCH Verlag Gmbh & Co. KGaA. Reproduced

with permission

b c d

Si nanoparticle NH3 bubble 

a

Fig. 14 a Schematic illustration of the evolvement process of Si

porous nanocapsules with NH3 as bubble template; b low-magnifi-

cation SEM image of Si hollow nanocapsules; c high-magnification

SEM image of a typical broken Si hollow nanocapsules; d TEM

image of Si hollow nanocapsules [53]. Copyright Wiley–VCH Verlag

Gmbh & Co. KGaA. Reproduced with permission
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thus prevent the pulverization of anode. Testing as anode

materials, they have a capacity of[800 mA h g-1 in the

initial 10 cycles, and[550 mA h g-1 after 100 cycles.

Conclusions

The field of nanostructured electrodes for Li-ion batteries is

an area of growing interest from both the fundamental and

application points of view. In this review, we summarized

recent researches in the synthesis and application of hollow

nanostructured anode materials used in Li-ion batteries

based on carbon materials, metals, metal oxides, and their

hybrid materials. Hollow nanomaterials play a great role in

improving the performance of Li-ion batteries, because in

nanoscale electrodes the distance over which Li? diffuses

is dramatically shortened; the hollow core can buffer

against the local volume change during charge/discharge

and provide extra space for the storage of Li?; and hollow

nanomaterials have large surface area and fast diffusion

rates along the many grain boundaries existing in hollow

nanomaterials. On the other hand, hollow nanostructured

materials also have some disadvantages such as high side

reactions, low thermodynamic stability, and low volumet-

ric energy density. To gain commercial success of these

nanostructured electrodes, however, requires continued

fundamental advances in the science and engineering of

materials and in fabrication technologies to enable further

improved performance.
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