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Nanostructured 
Materials for Advanced 
Li-Ion Rechargeable 
Batteries

THE RECENT INCREASE IN 
demand for oil, associated with oil 
pr ice increase, and env ironmenta l 
issues are continuing to exert pressure 
on an already stretched world energy 
infrastructure. One alternative ener-
gy/power source under serious consid-
eration is electrochemical energy, since 
this energy production is designed to 
be more sustainable and more environ-
mentally benign. The lithium-ion (Li-
ion) battery is the representative system 
for such electrochemical energy stor-
age and conversion. It has been inten-
sively studied for use as power supplies 
of electric vehicles (EVs) and hybrid 
electric  vehicles (HEVs). High energy 
and high power densities are required 
for such devices.  Li-ion batteries are 
attractive power- storage devices owing 
to their high energy density [1]. How-
ever, their power density is relatively 
low because of a large polarization at 

high charging– discharging rates. This 
polarization is caused by slow lithium 
diffusion in the active material and 
increases in the resistance of the elec-
trolyte when the charging–discharging 
rate is increased. To overcome these 
problems, it is important to design 
and fabricate nanostructured electrode 
materia ls that provide high surface 
area and short diffusion paths for ionic 
transport and electronic conduction. 

Intercalation electrodes in batteries 
are electroactive materials and serve as 
a host solid into which guest species are 
reversibly intercalated from an electrolyte. 
The area of cathodes is much less devel-
oped than anodes [2]. Details on Li-ion 
battery cathode materials can be found 
in recent reviews by Whittingham et al. 
[3], [4]. There are two categories of cath-
ode materials. One is layered compounds 
with anion close-packed lattice; transi-
tion metal cations occupy alternate layers 
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Alternative energy being developed through 
electrochemical means.
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between the anion sheets, and Li ions are 
intercalated into the remaining empty 
layers. LiTiS2, LiCoO2, LiNi12xCoxO2, 
and LiNix Mnx Co122xO2 belong to this 
group. The spinels with the transition 
metal cations ordered in all the layers can 
be considered to be in this group as well. 
This class of materials has the inherent 
advantage of higher energy density (ener-
gy per unit of volume) owing to their 
more compact lattices. The other group 
of cathode materials has more open 
structures, such as vanadium oxides, the 
tunnel compounds of manganese oxides, 
and transition metal phosphates (e.g., 
the olivine LiFePO4). These materials 
generally provide the advantages of bet-
ter safety and lower cost compared to the 
first group. 

This article aims to give a concise 
and useful survey of recent progress 
on synthesis and characterizat ions 
of nanostructured cathode materials 
for Li-ion batteries, taking vanadium 
oxide as a model system. Electrochemi-
cal Li intercalation occurs together 
with compensating electrons, leading 
to the formation of vanadium bronzes 
as follows:

 V2O5 1 xLi1 1 xe 2 3  LixV2O5. (1)

It is easy to understand that nano-
structured cathode electrodes offer 
improved energy storage capacity and 
charge or discharge kinetics, as well as 
better cyclic stabilities because of their 
huge surface area for Faradaic reaction, 
and short distance for mass and charge 
diffusion, as well as the added freedom 
for volume change accompanied to Li-
ion intercalation and discharge. 

NANOSTRUCTURED 
VANADIUM OXIDES
Vanadium oxide is a typical intercala-
tion compound as a result of its lay-
ered structure. For Li-ion intercalation 
applications, vanadium oxide offers the 
essential advantages of low cost, abun-
dant source, easy synthesis, and high 
energy densities. Orthorhombic crys-
talline V2O5 consists of layers of VO5 
square pyramids that share edges and 
corners [5]. To obtain electrodes for 
battery cell testing, the synthesized 

freestanding vanadium oxide nano-
structures (e.g., nanorolls, nanobelts, 
and nanoribbons) are usually mixed 
with conduct ive elements such as 
carbon black; the mixtures are then 
pressed into pellets and are used as 
electrodes. For ordered nanostructures 
such as arrays of nanorods, nanotubes, 
and nanocables, they are synthesized 
on the conductive substrates and can 
be used directly for battery cell testing. 

VANADIUM OXIDE NANOROLLS, 
NANOBELTS, AND NANORIBBONS
To date, there are a large number of pub-
lications on nanostructures of vanadium 
oxides. Pioneering work on the synthe-
sis and electrochemical properties of 
vanadium oxide nanorolls has been car-
ried out by Spahr and coworkers [6]. In 
their synthesis, a combination of sol–gel 
reaction and hydrothermal treatment of 
vanadium oxide precursor is conducted 
in the presence of an amine that acts as 
structure-directing template [7]. The 
resultant nanoroll is either constructed in 
closed concentric cylinders (nanotubes) 
or formed by scrolling one or more lay-
ers (nanoscrolls). If amine is replaced by 
ammonia during the hydrolysis step, a 
new type of vanadium oxide nanoroll 
(nanotube) with alternating interlayer dis-
tances is yielded [8]. Such a unique struc-
ture is first observed in a tubular phase. 

Compared to other tubular systems, 
the vanadium oxide nanorolls are espe-
cially interesting because they possess 
four different contact regions, that is, 
tube opening, outer surface, inner sur-
face, and interstitial region. VOx nano-
rolls can intercalate a variety of molecules 
and ions reversibly without change in the 
crystalline structure. The Li intercala-
tion capacities have been found up to 
200 mAh/g; however, there is struc-
tural breakdown during redox cycles 
and degradation in cycling performance 
because of the morphological f lexibility. 
The cyclic voltammetry measurements 
show that the well-ordered nanorolls 
behave closely to classic crystalline vana-
dium pentoxide, while the defect-rich 
nanorolls have electrochemical behav-
ior similar to that of sol–gel-prepared 
hydrated vanadium pentoxide materials. 
The specific capacity of defect-rich nano-

rolls (340 mAh/g) is higher than that of 
the well-ordered nanorolls (240 mAh/g) 
under comparable conditions. 

Hydrothermal synthesis is another 
powerful tool to transform transition 
metal oxides into high-quality nano-
structures, and nanostructured vana-
dium oxides in different morphologies 
can be produced via this procedure. 
Examples include long, belt-like nano-
wires growing along the [010] direction 
[9] and new types of belts exhibiting a 
boomerang shape [10]. The structure of 
these nanobelts is unique in that it origi-
nates from twinning along the [130] 
direction, which is the first observation 
of twins within individual nanosized 
crystals. Vanadium pentoxide nanobelts 
have been prepared to be used as highly 
selective and stable ethanol sensor mate-
rials by acidifying ammonium metavana-
date followed by hydrothermal treatment 
[11]. In a separate report, V2O5 

# nH2O 
crystalline sheets, the intermediate prod-
ucts between nanobelts and nanowires, 
are fabricated hydrothermally using 
V2O5, H2O2, and HCl [12]. Neverthe-
less, the intercalation properties of these 
vanadium oxide nanobelts or nanosheets 
are not further investigated. 

More recently, Li et al. have studied 
the synthesis and electrochemical behavior 
of orthorhombic single-crystalline V2O5 
nanobelts [13]. The V2O5 nanobelts 
with widths of 100–300 nm, thicknesses 
of 30–40 nm, and lengths up to tens of 
micrometers are obtained by hydrother-
mal treatment of aqueous solutions of 
V2O5 and H2O2. The authors propose 
a dehydration–recrystallization–cleavage 
mechanism for the formation of V2O5 
nanobelts. A high initial discharge capac-
ity of 288 mAh/g is found for the V2O5 
nanobelts in a voltage range of 4.0–1.5 V; 
subsequently, the capacity decreases to 
191 mAh/g for the second cycle and then 
remains steady for the next four cycles. 
Apart from anhydrous crystalline V2O5 
nanobelts, V2O5 

# 0.9H2O nanobelts and 
V2O5 

# 0.6H2O nanorolls are synthesized 
with hydrothermal treatment of  NH4VO3 
in the presence of different acids [14]. 
The V2O5 

# 0.9H2O nanobelts are tens 
of micrometers long, 100–150 nm wide, 
and 20–30 nm thick. The V2O5 

# 0.6H2O 
nanorolls are half-tube nanostructured as 
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a result of incomplete scrolling. It is inter-
esting to note that V2O5 

# 0.6H2O nano-
rolls show higher intercalation capacity 
(253.6 mAh/g) than V2O5 

# 0.9H2O do 
nanobelts (223.9 mAh/g) under a cur-
rent density of 0.6 mA/g, which can be 
ascribed to the higher surface area and 
lower water content of nanorolls. Further-
more, the capacities of nanorolls and nano-
belts increases to 287.8 and 307.5 mAh/g, 
respectively, after annealing and dehydra-
tion of these nanostructures, which sug-
gests the significant effect of water content 
on the electrochemical behavior. 

Size is another factor affecting the 
electrochemical property. In this regard, 
Cui and coworkers prepared V2O5 nano-
ribbons and investigated the dependence 
of the electrochemical property on the 
width and thickness of nanoribbons by 
studying the chemical, structural, and 
electrical transformations of V2O5 nano-
ribbons at the nanostructured level [15]. 
They found that transformation of V2O5 
into the v-Li3V2O5  phase takes place 
within 10 s in thin nanoribbons, and 
the efficient electronic transport can be 
maintained to charge v-Li3V2O5 nano-
ribbon within less than 5 s. Therefore, it 
is suggested that Li diffusion constant in 
nanoribbons is faster than that in bulk 
materials by three orders of magnitude, 
leading to a remarkable enhancement in 
power density (360 8C). It can be con-
cluded that Li-ion batteries based on 
nanostructured vanadium oxides have 
not only higher energy density but also 
higher power density and thus will find 
applications in EVs and HEVs.

ORDERED ARRAYS OF VANADIUM 
OXIDE NANORODS, NANOTUBES, 
AND NANOCABLES
Martin and coworkers have report-
ed a series of studies on polycrystal-
line V2O5 nanorod arrays. They used 
a template-based method by deposit-
ing triisopropoxyvanadium(V) oxide 
(TIVO) into the pores of polycarbonate 
filtration membranes followed by remov-
al of membranes at high temperature 
[16]. The V2O5 nanorod arrays deliver 
three times the capacity of the thin film 
electrode at a high rate of 200 8C and 
four times the capacity of the thin-film 
 control electrode above 500 8C. After 

that, Li et al. achieved improved volu-
metric energy densities of V2O5 nan-
orod arrays by chemically etching the 
polycarbonate membrane to increase its 
porosity prior to template synthesis [17]. 
In the latest work of Sides and Martin, 
V2O5 nanorods of different diameters 
were prepared, and their electrochemi-
cal properties at low temperature were 
compared [18]. V2O5 nanorods with 
nanometer-sized diameters (e.g., 70 nm) 
deliver dramatically higher specific dis-
charge capacities at low temperature than 
V2O5 do nanorods with  micrometer-sized 
diameters. Thus, Li-ion battery electrodes 
composed of nanosized material meet the 
low-temperature performance challenge, 
because nanomaterials alleviate the prob-
lems of slow electrochemical kinetics and 
the slow diffusion by offering high sur-
face area and short diffusion distance. 

Synthesis and electrochemical prop-
erties of single-crystal V2O5 nano-
rod arrays were f irst reported by Cao, 
Wang and coworkers [19]–[21]. They 
have utilized a template-based elec-
trode position method by deposit-
ing V2O5 into pores of polycarbonate 
templates, with the assistance of elec-
tric f ield from three different types of 
solutions or sol, i.e., VO21  solution, 
VO21  solution, and V2O5 sol. Figure 
1(a) and (c) show transmission electron 
microscope (TEM) images of a V2O5 
nanorod and selected area electron dif-
fraction pattern, which clearly dem-
onstrated the single-crystalline nature 
or, at least, well-textured nature of the 
grown nanorods with a [010] growth 
direction for nanorods grown from 
both routes. Figure 1(b) and (d) also 
show high-resolution TEM images of 

FIGURE 1 (a) TEM image and selected area electron diffraction pattern of a V2O5 nanorod pre-
pared from template-based electrochemical deposition from VOSO4 solution. (b) High- resolution 
TEM image of the V2O5 nanorod in (a). The spacing of the fringes was measured to be 0.207 nm. 
(c) TEM image and selected area electron diffraction pattern of a V2O5 nanorod prepared from 
template-based electrophoretic deposition from V2O5 sol. (d) High-resolution TEM image of the 
V2O5 nanorod in (c). The spacing of the fringes was measured to be 0.208 nm. 

50 nm 5 nm

0.207 nm

(b)(a)

(c) (d)

50 nm 5 nm
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a single V2O5 nanorod, in which lat-
tice fringes are clearly visible. The 
spacing of the fringes was measured to 
be 0.207 nm for nanorod grown from 
route A, and 0.208 nm for nanorod 
made from V2O5 sol. These values are 
similar for different synthesis route and 
correspond well with the spacing of 
(202) planes at 0.204 nm. These fring-
es make an angle of 88.9° with the long 
axis of the nanorod, which is consistent 
with a growth direction of [010]. 

Similar measurements made on 
high-resolution images of other nano-
rods also yield results consistent with 
a [010] growth direction. The forma-
tion of single-crystal nanorods from 
solutions by electrochemical deposi-
tion is attributed to evolution selection 
growth [Figure 2(a)]. The initial het-
erogeneous nucleation or deposition on 
the substrate surface results in the for-
mation of nuclei with random orienta-
tion. The subsequent growth of various 
facets of a nucleus is dependent on the 
surface energy and varies signif icantly 

from one facet to another [22]. In the 
case of nanorods made from the V2O5 
sol by electrophoretic deposition, the 
formation of single-crystal nanorods 
is explained by homoepitaxial aggrega-
tion of crystalline nanoparticles [Figure 
2(b)]. Thermodynamically, it is favor-
able for the crystalline nanoparticles 
to aggregate epitaxially; such growth 
behavior and mechanism have been 
well reported in literature [23]. As a 
result, V2O5 nanorods grown by elec-
trochemical deposition from solutions 
are dense single crystals, whereas the 
nanorods grown from sol electropho-
resis are also single crystalline but have 
many defects inside the crystal. Such 
difference in nanostructure determines 
the different electrochemical behavior 
of nanorods grown from different solu-
tions or sol. The nanorods grown from 
V2O5 sol by electrophoresis show the 
best kinetic property for Li-ion inter-
calation. All the V2O5 nanorod arrays 
show higher capacity and enhanced rate 
capability in comparison with the sol–

gel derived polycrystalline V2O5 f ilm. 
For example, the V2O5 nanorod arrays 
grown from VO21  solution deliver f ive 
times the capacity of the f ilm at a cur-
rent density of 0.7 A/g. For the single-
crystal nanorod arrays, the long axis 
(growth direction) is parallel to the 
interlayers of V2O5, thus the nanorods 
provide shorter and simpler diffusion 
path for Li ions and allow the most 
freedom for dimension change. 

Using the similar template-based 
electrodeposition method but with dif-
ferent growth conditions, Wang et al. 
prepared nanotube arrays of V2O5 

# nH2O 
[24]. The authors found that nanotubes 
resulted when using lower voltage and 
shorter deposition time compared with 
the conditions for preparing nanorods. 
The V2O5 

# nH2O nanotube arrays dem-
onstrate an initial high capacity of 300 
mAh/g, about twice the initial capacity 
of 140 mAh/g from the V2O5 

# nH2O 
film. Such enhancement of capacity is 
due to the large surface area and short 
diffusion distances offered by the nano-
tube array. Subsequently, the authors 
used a two-step electrodeposition meth-
od to prepare Ni-V2O5 

# nH2O core–
shell nanocable arrays [25]. Ni nanorod 
arrays were first grown by the template-
based electrochemical deposition. In 
the second step, the hydrated vanadium 
pentoxide shell was deposited onto the 
surface of nickel nanorods through sol 
electrophoretic deposition. Figure 3 
shows the scanning electron microscope 
(SEM) images of these three different 
nanostructures of vanadium oxides: 
V2O5 nanorod array, V2O5 

# nH2O nan-
otube array, and Ni-V2O5 

# nH2O core–
shell nanocable array. Figure 4 compares 
the electrochemical performance of 
Ni-V2O5 

# nH2O nanocable arrays, sin-
gle-crystal V2O5 nanorod arrays, and 
sol–gel derived V2O5 films. 

Obviously Ni-V2O5 
# nH2O nano-

cable arrays demonstrate remarkably 
improved capacity and rate capability 
in comparison with the other two. The 
intercalation capacities of both nanorod 
arrays and sol–gel films decrease rapidly 
as the current density increases, while 
nanocable arrays are able to retain the 
high capacity at high current density 
(discharge rate), indicating the  excellent 

FIGURE 2 Schematic illustrations of growth mechanisms of single crystalline nanorods: 
(a) evolution selection growth and (b) homoepitaxial aggregation. 

Electrode Electrode

(a) (b)

FIGURE 3 SEM images of (a) V2O5 nanorod array, (b) V2O5 
# nH2O nanotube array, and 

(c) Ni-V2O5 
# n H2O  core–shell nanocable array.

5 µm

(a) (b) (c)

1 µm
1 µm15 kV ×10.000
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high-rate performance of nanoca-
ble arrays. As shown in Figure 4(c), 
Ni-V2O5 

# nH2O nanocable array has 
significantly higher energy density and 
power density than those of the nano-
rod array and sol–gel film by at least one 
order of magnitude, which is ascribed to 
the enhanced surface area and reduced 
internal resistance. 

OTHER VANADIUM OXIDE 
NANOSTRUCTURES
Following the systematic studies on 
ordered arrays of V2O5 nanorods, nano-
tubes, and nanocables, Lee et al. report-
ed the synthesis and electrochemical 
properties of V2O5 f ilms with nano-
sized features [26]. Typically, platelet 
and fibrillar structured V2O5 films were 
prepared by solution methods, and the 
discharge capacities and cyclic perfor-
mance of these f ilms were compared 
with those of the conventional plain 
structured film. 

The platelet f ilm consists of 20–30-
nm sized standing platelets perpen-
dicular to the substrate with random 
orientation, whereas fibrillar f ilm is 
composed of randomly oriented nano-
fibers, though most of them protrude 
from the substrate surface. The initial 
discharge capacities of platelet and 
fibrillar structured V2O5 films are 
1,240 and 720 mAh/g, respectively, 
which are far larger than the initial 
discharge value (260 mAh/g) of the 
plain structure film. Such large dis-
charge capacity values are ascribed to 
the combined effects of the reduced 
Li1 diffusion distance, which prevents 
concentration polarization of Li1 in the 
V2O5 electrode and poor interlayered 
cross-linking offering more Li1 inter-
calation. However, platelet and fibril-
lar structured V2O5 films were easily 
degraded during electrochemical cyclic 
tests. Similarly, platelet-structured V2O5 
films are also obtained by dc sputtering 
but shows good cycling performance 
[27]. The capacity only changes from 
80 to 73 mAh/cm2  after 100 cycles 
and to 70 mAh/cm2  after 200 cycles 
at a current density of 100 mAh/cm2. 
These results can be explained by the 
h00 preferred orientation of the film, 
which ensures a good homogeneity for 

Li  intercalation or deintercalation and 
thus a good cyclability. 

In addition to V2O5 thin films with 
structural features on the nanoscale, mes-
oporous vanadium oxides with nanome-
ter-sized pores facilitate the diffusion of 
Li ions. Liu et al. synthesized mesoporo-
us vanadium oxide with pore sizes rang-
ing from 3 to 4 nm by  electrodepositing 
from a VOSO4 solution in the presence 
of a block polyalkylene oxide polymer 
(P123) [28]. This polymer surfactant 
plays a key role in the formation of mes-
oporous structure. The authors specifi-
cally investigated the rate performance 
of the mesoporous vanadium oxide 
electrode and found that the material 
delivered a capacity of 125 mAh/g at a 
high rate of 50 8C, corresponding to a 

 capacitance of 450 F/g which is compa-
rable to that of porous carbon capacitors. 
Therefore, the mesoporous vanadium 
oxide is very promising as cathode mate-
rial for high-power Li-ion batteries and 
fills in the gap between batteries and 
capacitors. Moreover, the mesoporous 
structure provides elasticity that allows 
for dimensional change during Li-ion 
 intercalation or deintercalation and, 
thus, offers good cyclability.

CONCLUSIONS
This article clearly reveals how moving 
from bulk materials to the nanoscale can 
significantly change device performance 
for energy storage and conversion. The 
development of high-performance Li-ion 
batteries can benefit from the  distinct 
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FIGURE 4 (a) Cyclic voltammograms of Ni-V2O5 
# nH2O  nanocable array and V2O5 nanorod array 

using a scan rate of 10 mV/s. (b) Relationship between current density and Li intercalation 
capacity of Ni-V2O5 

# nH2O  nanocable array, V2O5 nanorod array and sol–gel film from chronop-
otentiometric measurements. (c) Ragone plot for Ni-V2O5 

# nH2O  nanocable array, V2O5 nanorod 
array, and sol–gel film. 

Moving from bulk materials to the nanoscale 
can significantly change device performance for 

energy storage and conversion.
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properties of nanomaterials, such as high 
surface areas, short diffusion paths, and 
a large quantity of active sites, as well as 
freedom for volume change during charg-
ing or discharging cycles. Among a wide 
range of synthetic methods in preparing 
nanomaterials, simple and elegant are soft 
chemistry routes that involve sol–gel reac-
tions and that frequently use organic mol-
ecules as structure-directing templates. 

Applications of nanotechnology in 
energy storage are in the stage of research 
and development. For realization of 
wide industrial applications, further work 
is required to achieve controlled and 
large-scale synthesis of nanostructures, 
to understand mechanisms of Li storage 
in nanomaterials and kinetic transport 
on the interface between electrode and 
electrolyte. The effects of nanostructures 
in battery performance are not simple 
consequences of a reduction in size. The 
interfacial properties are subtle and criti-
cal, considering space–charge effects at 
the interface between nanosized electrode 
materials and charge transport between 
electrode and electrolyte. This challenges 
researchers worldwide to carry out system-
atic experimental studies and to develop 
predictive theoretical tools for better fun-
damental understanding of relationships 
between nanostructures and electrochem-
ical characteristics of electrode materials.
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