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Advanced Materials for Energy Storage
By Chang Liu, Feng Li, Lai-Peng Ma, and Hui-Ming Cheng*
Popularization of portable electronics and electric vehicles worldwide

stimulates the development of energy storage devices, such as batteries and

supercapacitors, toward higher power density and energy density, which

significantly depends upon the advancement of new materials used in these

devices. Moreover, energy storage materials play a key role in efficient, clean,

and versatile use of energy, and are crucial for the exploitation of renewable

energy. Therefore, energy storage materials cover a wide range of materials

and have been receiving intensive attention from research and development

to industrialization. In this Review, firstly a general introduction is given to

several typical energy storage systems, including thermal, mechanical,

electromagnetic, hydrogen, and electrochemical energy storage. Then the

current status of high-performance hydrogen storage materials for on-board

applications and electrochemical energy storage materials for lithium-ion

batteries and supercapacitors is introduced in detail. The strategies for

developing these advanced energy storage materials, including nanostruc-

turing, nano-/microcombination, hybridization, pore-structure control, con-

figuration design, surface modification, and composition optimization, are

discussed. Finally, the future trends and prospects in the development of

advanced energy storage materials are highlighted.
1. Introduction
Energy is one of the most important topics in the 21st century.
With the rapid depletion of fossil fuels and increasingly worsened
environmental pollution caused by vast fossil-fuel consumption,
there is high demand to make efficient use of energy and to seek
renewable and clean energy sources that can substitute fossil
fuels to enable the sustainable development of our economy and
society. Energy storage, an intermediate step to the versatile,
clean, and efficient use of energy, has received worldwide concern
and increasing research interest.

Energy storage can be dated back to ancient times and it is
quite simple and natural. Mankind initially made fire using wood
and charcoal, which are biomass energy storage carriers of solar
energy. Fire brings warmth, brightness, cooked food, and later
bronze wares and iron wares, and thus charcoal energy acted as
one of the most important driving powers for ancient civilization.
[*] Prof. H.-M. Cheng, Prof. C. Liu, Prof. F. Li, Dr. L.-P. Ma
Shenyang National Laboratory for Materials Science
Institute of Metal Research
Chinese Academy of Sciences
72 Wenhua Road, Shenyang 110016 (China)
E-mail: cheng@imr.ac.cn

DOI: 10.1002/adma.200903328

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
About 900 years ago, coal, which evolves
from buried plants grownmillions and even
billions of years ago and stores solar energy
in a much higher density than wood or
charcoal, was discovered and used as fuel.
Later on, coal was used to power steam
engines in the 18th century, the symbol of
the first industrial revolution, and later to
produce electricity. Petroleum, which is
derived from the remains of biodegraded
organic materials, is another high-density
energy storage medium for solar energy
and has been mined and used massively
since the beginning of the 20th century.
Petroleum is obviously more than a fuel,
and is used not only to power vehicles via
internal combustion engines but also to
make synthetic fibers, resins, plastics, and
almost everything in our lives today. Coal,
oil, and natural gas are primary energy
sources, and they are energy carriers that
have naturally collected and stored solar
energy for billions of years.

Since electric motors and generators
were invented in the 1870s, electrical energy
has become the most important secondary energy source and the
primary form of consumed energy. Electricity can be generated
from fuel-burning power, solar power, hydropower, wind power,
nuclear power, tide power, and biopower systems, and is
indispensable in almost every part of our lives from lighting,
warming and cooling, from cooking to entertainment, trans-
portation, and communication. With the rapid development of
modern industries and the durative increase of global population,
the rate of electrical energy consumption has dramatically
increased and its consumption manner is diversified. Energy
storage becomes even more complex and important, and
desirable and high-performance energy storage techniques are
needed to enable efficient, versatile, and environmentally friendly
uses of energy including electricity. In a typical energy storage
process, one type of energy is converted into another form of
energy that can be stored and converted for use when needed.
Therefore, various energy storage systems are being developed
aimed at proper utilization of different energy sources.
1.1. Energy Storage Systems for the Efficient Use of Energy

The consumption of electricity is usually not even and there are
on-peak and off-peak loading vibrations. By storing the off-peak
electricity and releasing the stored energy during the on-peak
Adv. Mater. 2010, 22, E28–E62
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period, the efficiency, stability, and reliability of an electricity
supply system can be significantly improved. Mechanical energy
storage and thermal energy storage are mainly used for such peak
load shifting.

1.1.1. Mechanical Energy Storage

Mechanical energy storage is carried out by conversion between
electrical energy and mechanical energy at demand. When
inexpensive off-peak electricity power is available, electrical
energy is stored by converting into mechanical energy; the stored
energy is released when the electricity power supply is
insufficient. Mechanical energy storage can be typically divided
into flywheel energy storage (FES), pumped hydropower storage
(PHS), and compressed-air energy storage (CAES).

A FES system is basically composed of a column-shaped
rotation part and a magnetic suspension axletree as supporting
component. Its working principle is that a flywheel is driven by an
electromotor to rotate with a high speed where electrical energy is
converted into kinetic energy; when the flywheel slows down, its
kinetic energy is converted into electrical energy and thus the
storage and release of electrical energy is realized. FES shows
advantages of high energy density, rapid charge/discharge rate,
long working life, high reliability, wide working temperature
range, high energy storage efficiency (�90%), and environmental
friendliness, and therefore it finds applications in electric power,
telecommunications, and aeronautic and astronautic areas. The
energy density of an FES system is linearly related to themass and
the square of the angular velocity of the flywheel; therefore, it is
largely determined by the material used for making the flywheel.
The higher the strength of the material, the higher the rotating
speed of the flywheel, and the higher the energy density of a FES
system. Carbon-fiber-reinforced carbon composites with high
strength are now a promising candidate for FES. Nanomaterials
such as carbon nanotubes (CNTs), which show much higher
tensile strength and Young’s modulus than carbon fibers, may
have potential applications in FES.

For a PHS system, when off-peak power is available, water is
pumped from a low-altitude reservoir to a high-altitude reservoir,
where the PHS system works as an electromotor. During the load
peak of electric power supply, the stored water at the high-altitude
reservoir is used for generating electricity, where the PHS system
works as an electric generator. The efficiency of a PHS system is
typically 71%–85%.[1]

A CAES system usually uses cheap off-peak electric power to
compress air, and at peak load the compressed air is released and
used for electric power generation. Compared with normal gas
turbines, CAESmay save around 40% gas for the equal amount of
electric power output. The compressed air is stored in under-
ground caves or abandonedmines. Themajor constraint to CAES
is that it relies on favorable geography, that is, it is only
economically feasible for power plants that have nearby rock
mines, salt caverns, and aquifers or depleted gas fields.[1]

1.1.2. Thermal Energy Storage

Thermal energy storage is another method for adjusting the time
discrepancy between power supply and demand. Excess thermal
energy is stored in a material as sensible or latent heat by
warming up ormelting thematerial. The stored thermal energy is
Adv. Mater. 2010, 22, E28–E62 � 2010 WILEY-VCH Verlag Gm
utilized later by cooling the material back down.[2] In addition,
thermal energy storage also has potential applications for waste
heat recovery, solar energy utilization, energy saving in buildings,
and electronic device management.[3] Thermal energy storage can
be classified as sensible heat storage (SHS), latent heat storage
(LHS), and thermal chemical energy storage (TCES).

The principle of SHS is that when the temperature of a storage
medium increase, thermal energy is stored; when the tempera-
ture of the storage material decreases, the stored energy is
released. The thermal energy storage density is mainly
determined by the specific heat capacity of the storage material
and the working temperature range of the system. Water shows
advantages of low cost and high specific heat as a SHS medium.
For systems working at temperatures higher than 100 8C,
materials with higher evaporation points, such as heat-transfer
oils, molten nitrates, liquid sodium, and concrete, are used.[4]

Recently, ionic liquid was reported to be promising for working
under �400 8C with desirable nonflammable properties.
However, it is too expensive to be used practically.

LHS is based on phase-change materials (PCMs). PCMs
adsorb/release heat during their phase-change process, and thus
thermal energy storage/release is realized. LHS shows advan-
tages of high energy storage density and small temperature
alteration range during thermal energy charge/discharge. A LHS
system is typically composed of a PCM, a heat exchanger, and a
bH & Co. KGaA, Weinheim E29
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suitable container. When choosing a PCM for a particular LHS
system, the following points should be considered: the
phase-transition temperature should match the working tem-
perature range of the system, the phase-change specific heat
should be large enough, the PCM should be chemically stable, a
high thermal conductivity is desirable, the volume change should
be small so that a higher volumetric energy storage density of the
system can be achieved, the cost of the PCM should be low, and
so on.

PCMs can be basically classified into solid–solid and
solid–liquid types according to their phase-change forms
(the phase transitions involving the gas state are usually
impractical due to the large volume change accompanied).
Solid–solid PCMs adsorb/release heat during their crystal
transition. Typical solid–solid PCMs include polyalcohols,
macromolecules, laminated perovskite, and inorganic salts.
These materials show advantages of small volume changes, long
cycling lives, environmental friendliness, limited undercooling
effects, no phase disengagement, and simple accessories. For
polyalcohol (such as pentaerythritol and neopentyl glycol),
the hydrogen bonds connecting interlayer molecules are broken
during the phase change and the latent energy is released.
The phase-change entropy is closely related to the number of
hydrogen bonds contained in a polyalcohol molecule. By
changing the composition of a mixture of different polyalcohols,
their phase-change temperature can be tuned to some extent.
High-density polyethylene is a commonly used macromolecular
PCM and shows advantages of low costs, good machinability,
and high thermal conductivity. Laminated perovskite is a
type of organometallic compound—a bis(n-decylammonium)
tetrachlorometallate(II)—whose composition can be expressed as
(n-CxH2xþ1NH3)MY4, where M is a divalent metal (e.g., Cu, Fe,
Co, Zn, or Mn), Y is a halogen, and x is usually in the range of
8–18. The phase transition of this type ofmaterial originated from
the ordering change of their alkyl chain. The laminated perovskite
is stable at temperatures lower than 200 8C and shows good
cycling performance. Some inorganic salts like KH2F and
NH4SCN were also proposed and studied as PCMs.[3]

Solid–liquid PCMs are the most frequently used latent-
heat-storage material and can be subgrouped into organic and
inorganic materials. Organic solid–liquid PCMs mainly include
paraffin and fatty acids. Paraffin is a mixture of straight chain
alkenes and can be expressed as CnH2nþ2. The melting point and
fusion heat of the alkene chains increase with their chain length.
By changing the composition of paraffin, that is, the ratio of
alkenes with short carbon chains to those with long carbon
chains, the phase-change temperature can be tuned in a wide
range of 5–80 8C. Paraffin is chemically stable and noncorrosive,
has a low vapor pressure, does not undercool and separate out,
and is less expensive. However, low thermal conductivity,
flammability, and limited volumetric energy storage density are
disadvantages of paraffin. Some specific techniques aiming at
reducing the undesirable features of paraffin are developed by
modifying the wax and the storage unit, such as by micro-
encapsulation and shape-stabilization.[4] Fatty acid is another
category of important solid–liquid PCMs and can be expressed as
CH3(CH2)2nCOOH. The phase-change heat of fatty acid is
comparable to that of paraffin. Fatty acids also show desirable
features of good cyclability, no supercooling, and tunable
� 2010 WILEY-VCH Verlag Gm
phase-change temperature.[5] A drawback of fatty acids is the
comparatively high cost. Inorganic solid–liquid PCMs include
salt hydrates, metals, andmolten salts. Salt hydrates are inorganic
salts containing water, which can be expressed as AxBy � n(H2O),
where AxBy is a sulfite, nitrite, acetate, phosphate, carbonate, or
chloride. At the phase-change temperature, salt hydrates lose
some or all of the crystal water molecules and dissolve, and thus
the latent heat (heat of dissolution) is adsorbed. In the reverse
process, the latent heat is released. Salt hydrates have advantages
of high energy density, good thermal conductivity, low cost, and
are nontoxic and noncorrosive. The main drawbacks of salt
hydrates are undercooling and precipitation. The problem of
undercooling can be tackled by adding nucleation seeds and
using the so-called ‘‘cold finger’’ method, where a cold area is
retained and the undissolved crystallites can serve as nucleation
seeds. Precipitation can be relieved by adding thickening agents,
stirring or rotating, modifying the chemical composition, and
designing the shape of the containers.[4] Another kind of
inorganic solid–liquid PCM is metals and eutectics. Pure, binary,
or ternary low-melting-point metals can be used as PCMs and
their melting point is usually in the range of tens of degrees to
more than one hundred degrees. These materials possess a high
volumetric energy density and high thermal conductivity, but also
a highly corrosive feature, which may hinder their practical use.
Some inorganic compounds like K2CO3, Na2CO3, Li2CO3, MgO,
LiOH, and NaOH are also used as PCMs. These materials show
very high specific heats of fusion and high phase-change
temperatures (several hundred degrees). Therefore, they may
find applications in industrial waste heat recovery and solar heat
storage.[6]

TCES is based on endothermic/exothermic chemical-reaction
heat for energy storage and release. The chemical reactions
employed are usually reversible, such as Ca(OH)2?CaOþH2O.
TCES shows advantages of a high energy density and a long and
stable storage period.Moreover, this technique is considered to be
suitable for solar-thermal-power generation and a demo-
equipment was established in Australia based on the ammonia
decomposition reaction.[7]
1.2. Energy Storage Systems for the Environmentally Friendly

Use of Energy

The vast consumption of fossil fuels has brought serious
environmental problems, such as the greenhouse effect, acid
rain, and air pollution. Therefore, people are seeking renewable
and clean energy sources that can support the sustainable
development of the global economy and society. Hydrogen is a
clean and reproducible energy carrier, which only emits water, for
both transportation and stationary applications. Its high energy
density makes it one of the most promising alternatives to replace
petroleum. Therefore, interest in the research and development
of hydrogen energy has grown dramatically since the 1990s.
Basically, the development of hydrogen energy involves the
following three processes: production, storage, and utilization.
Big scientific and technological barriers need to be overcome
before any large-scale utilization of hydrogen energy can occur.
The key to addressing these problems depends highly on
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, E28–E62
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advancement in the development of high-performance materials
for hydrogen storage systems. Since urban air pollution is heavily
caused by automotive exhaust emission, applicable on-board
hydrogen storage techniques are crucial for improving the air
quality in urban areas. However, the requirements that hydrogen
storage materials be of high capacity, reversible, and safe is a
bottle-neck for fueling automobiles with hydrogen. The recent
developments in advanced hydrogen storage materials will be
reviewed in detail in Section 2.
1.3. Energy Storage Systems for the Versatile Use of Energy

The demand for powering systems of portable electronic devices
and zero-emission vehicles has been increasing. In these cases,
electrochemical energy storage devices, including batteries and
supercapacitors, play an important role. On the other hand, the
production of renewable energy, such as solar and wind energy,
significantly relies on natural conditions (day time, night time,
wind, etc.) and is not even and continuous. Therefore, matching
high-performance energy storage systems are needed to store the
energy generated and to stabilize the electricity grid connected.
Electrochemical energy storage and electromagnetic energy
storage systems are promising for serving as such supporting
facilities.

1.3.1. Electrochemical Energy Storage

Electrochemical energy storage/release is realized by electron and
ion charge/discharge. Batteries and supercapacitors are two kinds
of typical electrochemical energy storage devices, both of which
store electricity in electrochemical processes. An electrochemical
energy storage device is usually composed of an anode, a cathode,
a separator, and an electrolyte. During discharge, electrochemical
reactions occur at the electrodes, generating electrons that flow
through an external circuit; during charge, an external voltage
across the electrodes is applied, driving the movements of
electrons and reactions at the electrodes. According to the
component of their electrodes, rechargeable batteries can be
classified as lead-acid, zinc-air, nickel-cadmium, nickel-hydrogen,
sodium-sulfur, sodium-nickel-chloride, and Li-ion batteries
(LIBs). The principles of supercapacitors include an electric
double layer and pseudo-capacitive charge-storage modes. The
former, similar to a physical dielectric capacitor, is based on
the separation of charges at the interface between a solid electrode
and an electrolyte and the latter is a fast Faradaic process involving
electrochemical redox reactions. The electrode materials for
supercapacitors mainly include carbon, transition metal oxides,
and conducting polymers.

Among the various alternative energy storage technologies,
electrochemical energy storage shows advantages of high
efficiency, versatility, and flexibility. LIBs are the most important
and widely used rechargeable battery with advantages of high
voltage, low self-discharge, long cycling life, low toxicity, and high
reliability. Supercapacitors have attracted increasing interest
because of their high power storage capability, which is highly
desirable for applications in electric vehicles (EVs) and hybrid
electric vehicles (HEVs). The performance of LIBs and super-
capacitors is intimately related to the electrode materials used.
Adv. Mater. 2010, 22, E28–E62 � 2010 WILEY-VCH Verlag Gm
With the development of materials design strategies, synthesis
techniques, and characterization methodologies, electrode mate-
rials and consequently the performance of batteries and super-
capacitors have been progressing rapidly. We will give a detailed
overview of the advanced materials for LIBs and supercapacitors
in Sections 3 and 4, respectively. The ‘‘advanced materials’’
we refer to herein differentiate from the conventional electrode
materials by showing a superior electrochemical energy storage
performance that originates from the smart design strategy,
unique structural characteristics, and specific synthesis
techniques.

1.3.2. Electromagnetic Energy Storage

Superconductive magnetic energy storage (SMES) was first
proposed in the 1970s. A SMES unit is mainly made up of a
superconducting coil and a liquid nitrogen cooling system.
Energy storage/release is achieved by charging/discharging the
coil. The SMES shows advantages of a prompt electromagnetic
response and a very high energy storage efficiency (>97%). SMES
is suitable for applications that require constant, full cycling and a
continuous mode of operation. For example, SMES can be used
for stabilizing the power generated by solar and wind systems and
to improve the quality of electrical power supply, and it can also be
used for solving voltage stability and power quality problems for
large industrial customers.[1] Compared with other energy storage
systems, the cost of a SMES is very high due to expensive
superconductors as well as the cost for maintaining the cryogenic
temperature. With the development of high-temperature super-
conducting (high-Tc) materials, it is expected that the cost for
operating a SMES system can be lowered in future.

As discussed above, various energy storage systems, including
mechanical energy storage, thermal energy storage, electroche-
mical energy storage, electromagnetic energy storage, and
hydrogen storage, have been developed and applied for peak
load shifting, recovery of waste heat, power supply of portable
electronic products and EVs, matching facilities of renewable
energy generators, and so on. Energy storage is crucial for the
efficient production, consumption, and distribution of fossil and
renewable energy sources. The conversion and storage of energy
is closely related to energy storage materials. Therefore, the
development of energy storage techniques can be largely
attributed to the innovation and advancement of energy storage
materials. Studies on hydrogen storage and electrochemical
energy storage materials are most active in recent years and
notable progresses have been made. Thus, we will focus on
advanced hydrogen storage materials and electrochemical energy
storage materials in this Review. The state-of-the-art progresses
on hydrogen storage materials, electrode materials of LIBs, and
electrodematerials of supercapacitors are presented in Sections 2,
3, and 4, respectively. Section 5 is the summary and outlook for
future research and development of advanced energy storage
materials. For more detailed advances in other energy storage
systems, there are a few recent review articles.[1,3,5]
2. Advanced Hydrogen Storage Materials

Efficient hydrogen storage is regarded as the key challenge in
large-scale applications of hydrogen energy. Given that
bH & Co. KGaA, Weinheim E31
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Figure 1. Generalized enthalpy diagram illustrating destabilization
through alloy formation upon dehydrogenation. Reproduced with per-
mission from Reference [13]. Copyright 2007, Elsevier Ltd.
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transportation consumes almost one quarter of the world total
energy,[8] on-board hydrogen storage receives the most intensive
research efforts, aimed at realizing the commercialization of
hydrogen-powered fuel-cell vehicles with hydrogen as a clean
energy carrier. Material-based storage is expected to provide an
ultimate solution to safe and efficient on-board hydrogen storage,
because the well-developed pressurized tank and cryogenic liquid
hydrogen techniques fail to satisfy the primary requirements of
vehicular applications as a result of low volumetric hydrogen
density, problematic energy efficiency, safety concerns, and/or
high cost.[9] In general, a desirable on-board hydrogen storage
material (HSM) should possess the following characteristics:
high storage capacity, moderate operating temperature, fast
kinetics, low cost and/or excellent reversibility (reversibility may
not be necessary if the cost is low enough), and low toxicity.
Specifically, the benchmark targets set by the US Department of
Energy (DOE) are widely cited as necessary technical criteria.[10]

Up to now, however, extensive investigations on various
candidates including metal hydrides, complex hydrides, chemical
hydrides, and novel adsorbents have not led to any viable system
that meets simultaneously all the DOE benchmark requirements.

Among these requirements, a high hydrogen capacity (e.g., the
system target of 6wt% for 2010) is the prerequisite for vehicular
application. Yet, high-capacity materials are typically plagued by
the dilemma between dehydrogenation temperature (Tde) and
reversibility. Many recent efforts have focused on improving the
overall dehydrogenation performance of high-capacity materials
in an attempt to satisfy all the stringent requirements. We discuss
in this part some efficient strategies, such as hybridization,
cation/anion substitution and exchange, catalytic activation, and
nanoscaling, as well as morphology tailoring and surface
modification, used to develop state-of-the-art materials for
reversible or irreversible hydrogen storage, which may provide
valuable indications for the exploration of novel high-
performance HSMs. Several excellent reviews are also available
for discussions on specific HSMs.[11–19]
2.1. Hybridization

One prominent aspect of the Tde/reversibility dilemma is the high
Tde of reversible high-capacity materials. For instance, equili-
brium dehydrogenation (under 1 atm pressure) of MgH2

(7.6wt% hydrogen) and LiBH4 (18.4wt% hydrogen) occurs at
�280 and�410 8C, respectively.[11,13] Such high Tde(1 atm) values
are intrinsic characteristics of the high thermodynamic stability
imposed by the high bond strength.[11,13] Therefore, modification
of dehydrogenation thermodynamics is required to lower the Tde
of these hydrogen-rich but strongly bound hydrides.
Hybridization is widely implemented as one of the most effective
and applicable strategies for tuning thermodynamics, and two
representative approaches are summarized.

2.1.1. Destabilization

Thermodynamic modifications of MgH2 were accomplished by
using additives that form alloys with Mg in the dehydrogenated
and/or hydrogenated state as early as 1960s.[20] On the basis of
similar principles, a destabilization strategy was recently
� 2010 WILEY-VCH Verlag Gm
developed to lower the equilibrium Tde of thermodynamically
stabilized hydrides. This strategy involves the use of destabilizing
agents to generate new reaction pathways that can stabilize the
dehydrogenated products and thereby destabilize the hydride
reactants (Fig. 1).[13,21] For example, Si is used to react with MgH2

to form a stable MgSi2 alloy rather than elemental Mg. The
resultant decrease in the formation enthalpy of MgSi2 relative to
that of the reactants lowers the overall enthalpy of reaction
from 75.3 kJ mol�1 H2 to 36.4 kJ mol�1 H2.

[21] An even more
significant improvement is observed in the Si-destabilized LiH
material, in which enthalpy is reduced by 70 kJ mol�1 H2 due to
the generation of Li4Si.

[21] Despite the unacceptable capacity loss
resulting from the incorporation of inert Si in both systems,
destabilization is unambiguously demonstrated to be an effective
strategy to lowering the Tde of strongly bound hydrides.

An extended application of this strategy to complex
hydrides results in the identification of several destabilized
LiBH4 materials, commonly known as Li�M�B�H systems
(M¼Mg, Al, Ca, or Ce).[22–24] In particular, MgH2 is found to
be an effective destabilizing agent for producing thermodyna-
mically favorable LiBH4/MgH2. The reaction enthalpy is reduced
from �67 to 41 kJ mol�1 H2 by the formation of more stable
MgB2 relative to B:[22]

2LiBH4 þMgH2 $ 2LiHþMgB2 þ 4H2

ð11:4 wt% H2Þ
(1)

In contrast to the former case, the use of hydrogen-rich hydride
as destabilizing agent largely mitigates the capacity loss. Even
within the capacity constraint, a number of light-element
compounds may be used and the elaborate selection can be
further facilitated by thermodynamic estimations.[13] However,
few candidates are practically available and limited reversibility
can be observed, both of which are virtually determined by the
large kinetic barriers resulted from the insufficient reactivity for
the interphase reactions involved.[15,22–24]

Interestingly, destabilization is also an important strategy in
identifying feasible regeneration routes by generating new
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, E28–E62
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pathways for hydrogenation reactions. For instance, LiAlH4

cannot be directly recovered from LiH and Al due to the
endothermic conversion of Li3AlH6 to LiAlH4, suggesting that
Li3AlH6 is too stable to be hydrogenated into LiAlH4. Successful
regeneration attempts essentially involve a two-step route: the
facile formation of a LiAlH4 � solvent adduct from LiH and
activated Al in the presence of organic solvent (typically THF)
followed by a desolvation step to recover LiAlH4.

[25–27]

Thermodynamic analysis suggests that the key is to form a
more stable hydrogenation product (e.g., a LiAlH4 �THF adduct)
relative to LiAlH4 and Li3AlH6, thus leading to an exothermic
hydrogenation reaction.[25–27] This mechanism can be well-
understood from the destabilization strategy: Li3AlH6 is
destabilized to enable the rehydrogenation reaction by forming
a stabilized hydrogenation product. Despite the exothermic
nature of AlH3 formation (e.g., approximately�10 kJ mol�1 AlH3

for a-AlH3
[28]), its low thermodynamic stability leads to

impractical operating conditions (e.g., 3� 104 bar at 573 K[29])
for the direct rehydrogenation from spent Al. Similarly, Al is
destabilized by generating a more stable AlH3 � triethylenediamine
adduct in the presence of triethylenediamine and THF, but the
recovery of AlH3 is almost impossible due to the high stability of
this adduct.[30] Alternatively, electrochemical regeneration is a
promising route, which involves the catalytic rehydrogenation of
NaH and spent Al to the more stable NaAlH4, and the subsequent
electrolysis of NaAlH4 into NaH and AlH3.

[31]

Further insight into the destabilization strategy suggests a
generalized approach for modifying reaction thermodynamics:
designing a new reaction with desirable enthalpy by combining
the host material with appropriate reactants to generate specific
reaction products. Following this principle, stabilization may be
applicable to hydrogen-rich but thermodynamically unstable
hydrides (e.g., ammonia borane) with the addition of stabilizing
agent. However, it should be pointed out that kinetic limitation
still remains and in some cases dominates the de-/rehydrogena-
tion reactions, which primarily originates from the intrinsic high
directionality of covalent/ionic bonds in host hydrides.[13] Adding
to the challenge is the fact that kinetic barriers associated with
mass transport and interface reaction are involved as a result of
the multiphase reactions incorporated.

2.1.2. Hþ/H� Coupling

In terms of the oxidation state of hydrogen, the majority of
current HSMs are characterized by H� and the dehydrogenation
reaction involved may be described by[11]

2H� ! H2 þ 2e� DH0 ¼ �3:02eV
� �

(2)

where DH0 is the standard enthalpy change. To a large extent, the
identification of previous HSMs was based upon Equation (2)
until Chen et al. reported that Li nitride (Li3N) reversibly stored
over 10wt% hydrogen via a two-step reaction:[32]

Li3NþH2 $ Li2NHþ LiH (3)

Li2NHþH2 $ LiNH2 þ LiH (4)
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In contrast to Equation (2), the above two reactions involve the
Hþ/H� coupling as a novel strategy for hydrogen storage, which
generally follows

Hþ þH� ! H2 DH0 ¼ �17:37eV
� �

(5)

Two competitive models have been proposed to describe the
reaction pathways. One suggests that the dehydrogenation
reaction proceeds via the direct combination of Hþ and H�

from LiNH2 and LiH, respectively.[33] Another involves the
ammonia-mediation process: the amide phase first decomposes
to yield ammonia, which is then captured by the hydride phase to
release H2.

[34,35]

Equation (5) exhibits a much larger driving force of
dehydrogenation compared to Equation (2). In principle, any
combination of H� source (e.g., hydrides or complex hydrides)
and Hþ source (typically amides or imides) will contribute to
hydrogen release. This approach opens up great possibilities for
the rational design of novel HSMs (e.g., M�N�H systems) by
combining conventional ones with amides/imides. Meanwhile,
Equation (5) provides an alternative route for the modification of
dehydrogenation thermodynamics and hydrogen capacity with
regard to hydride reactants. Even for strongly bound H� sources,
the majority of hydrogen is available at moderate temperatures
upon coupling with a suitable Hþ source. For instance, the
2LiNH2/MgH2 [or Mg(NH2)2/2LiH] system exhibits a favorable
combination of thermodynamics and reversibility:[36,37]

2LiNH2 þMgH2 ! Li2Mg NHð Þ2þ2H2

$ Mg NH2ð Þ2þ2LiH ð5:6 wt% H2Þ
(6)

By comparison with MgH2, the dehydrogenation enthalpy of
the 2LiNH2/MgH2 system decreases from 75.3 to �40 kJ mol�1

H2.
[11,38] More significant reduction in the thermodynamic

stability is attained in 2LiNH2þLiBH4 material when comparing
the highly endothermic dehydrogenation reaction of host LiBH4

with the resultant exothermic process, which leads to an
irreversible hydrogen release of �10wt%.[39]

Unfortunately, combination of favorable thermodynamics
(which means moderate operating temperature and excellent
reversibility) with other main characteristics has not been
attained via Hþ/H� coupling so far. In general, the potential
vehicular application of Hþ/H� coupling materials is hampered
by two primary obstacles: a high kinetic barrier and the release of
poisonous gases. Similar to the destabilized system, multiphase
reactions introduced by combining H� and Hþ sources add to
the kinetic barrier associated with mass transport and interface
reactions. An effective solution to this issue is to develop novel
molecular complexes comprising both Hþ and H�. The favorable
dehydrogenation kinetics of ammonia borane (AB)[40,41] and
Mg(BH4)2 � 2NH3

[42] may be regarded as demonstrations of this
approach, although complicated reaction pathways are involved in
the dehydrogenation reaction. However, the key issue related to
the vehicular application of most Hþ/H� coupling systems
(typically M�N�H systems) is the concomitant release of
poisonous NH3 upon dehydrogenation, which reduces the
proton conductivity of proton-exchange membrane in fuel cells.
bH & Co. KGaA, Weinheim E33
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Currently, elimination of NH3 byproduct remains a grand
challenge in developing M�N�H systems, which is almost
inevitable while using amides/imides as theHþ source. However,
when CnanoHx was used as alternative Hþ source, another
byproduct hydrocarbon was released.[43]
Figure 2. Schematic diagram of the crystal structure of LiNH2BH3 and
NaNH2BH3 determined from high-resolution X-ray powder diffraction data
at room temperature. Boron is represented by orange spheres, nitrogen by
green spheres, hydrogen by white spheres, and lithium (or sodium) by red
spheres. Reproduced with permission from Reference [46]. Copyright 2008,
Nature Publishing Group.
2.2. Cation/Anion Substitution and Exchange

The undesirable thermodynamic stabilities of all hydrides are
essentially related to their intrinsic binding characteristics.
Appropriate substitution of cation and/or anion in host structures
is able to influence the binding state and thereby alter the
dehydrogenation thermodynamics and kinetics to some extent. In
this regard, considerable efforts have been directed toward
complex hydrides and chemical hydrides. It is noteworthy that
theoretical calculations play a crucial role in the identification of
thermodynamically favorable materials and many promising
materials are proposed. However, substitution of reversible
materials is plagued by the cycling stability of the substituted
cation/anion, which is prominent as the complete decomposi-
tion/restoration of the lattice is required (typically for complex
hydrides).[14] Therefore, only a portion of candidates were
experimentally prepared and evaluated.

Cation substitution attracts much interest due to the relatively
large availability of metal cations. In an attempt to destabilize
LiBH4, Miwa et al. focused on the charge compensation effect of
Liþ and proposed the partial substitution of more electronegative
elements for Li to lower the thermodynamic stability.[44] Although
preliminary studies suggest the favorable effects of Cu substitu-
tion,[44] it appears to be questionable whether the proposed
Li1–xCuxBH4 composition would remain upon cycling. In the
kinetic modification study of a Li�Mg�N�H material, several
potassium salts were found to be highly effective in lowering the
peak dehydrogenation temperature (up to 54 8C).[45] Structural
analysis suggests that potassium substitution is responsible for
the kinetic enhancement by forming the K�N bond.[45] On the
other hand, intensive efforts in modifying the irreversible
thermal-decomposition performance of AB lead to promising
metal amidoborane materials by stabilizing parent AB, which is
accomplished through the substitution of the protonic amine-
hydrogen by a stronger electron-donating metal. For instance, the
substitution of one H in the NH3 group by the more
electron-donating Li and Na affects the intramolecular B�N,
B�H, and N�H chemical bonds and may facilitate intermole-
cular B�H���H�N interactions (Fig. 2).[46] As a consequence,
encouraging thermodynamic modification is attained in both
substituted AB materials: their dehydrogenation enthalpies are
tuned to be �3 to �8 kJ mol�1 H2 compared with approximately
�20 kJ mol�1 H2 of AB.[46,47] Notably, the Li substitution also
leads to combined effects in lowering peak dehydrogenation
temperature (by�30 8C) and improving hydrogen purity, coupled
with high hydrogen capacity (�10wt%).[46,47]

Anion substitution acts as an alternative route to tune the
thermodynamic stability of complex hydrides. Kang et al.
demonstrated a substantial increase in the plateau pressure of
TiF3-doped Na3AlH6

[48] and attributed the thermodynamic
destabilization to the substitution of F� in the hydrogen
� 2010 WILEY-VCH Verlag Gm
sublattice.[49] Similar effects have also been predicted by forming
a F�-substituted LiBH4 material.[50] These results highlight the
positive role of F� substitution for destabilizing alanates and
borohydrides.

Rather than engendering property enhancement of host
materials, cation/anion exchange (or metathesis reaction) has
been extensively employed to synthesize novel HSMs, which
encompasses a wide range of materials including alanates,
borohydrides, AB-related compounds, and even CNTs.[51–56] This
approach significantly promotes the development of metal
borohydrides. A generalized reaction route may be described as

MRx þ xM0BH4 ! M BH4ð Þxþ xM0R (7)

where M represents an alkaline-earth metal or transition metal,
for example, Mg, Zn, Ti; M0 is Li or Na; R is Cl or F.[52–54]

Further, varying the ratio between reactants allows the formation
of mixed metal borohydrides (e.g., LiSc(BH4)4) in the case of
M¼ Sc, Zr, and Mn, M0 ¼ Li or Na, and R¼Cl or F.[57] The
application of this approach largely depends on the use of
ball-milling technique (mechanochemical route) or organic
solvent (wet-chemical route). Ball-milling is a facile process,
but limited by the presence of byproducts (e.g., M0R in Eq. (7)),
which lowers the overall hydrogen capacity as an inert
component. While being relatively complex, solution reaction
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, E28–E62
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is a general approach for producing well-crystallized products.
Thus, the combination of both approaches may lead to a more
efficient route for synthesizing high-quality HSMs.
W

2.3. Catalytic Activation

Compositional modification (e.g., hybridization and cation/anion
substitution) allows a substantial reduction in operating
temperature via tuning the thermodynamic stability of host
materials. However, favorable reaction thermodynamics do not
necessarily ensure an appreciable de-/rehydrogenation rate at
moderate temperatures while significant kinetic barriers remain
untouched. In terms of reaction kinetics, a series of elemental
steps are involved in de-/rehydrogenation reactions, which
primarily include chemisorption (i.e., dissociation or recombina-
tion of H2), interface reaction (e.g., nucleation), and diffusion (or
mass transport). To overcome kinetic limitations, it is crucial to
identify and reduce the energy barrier associated with the
rate-limiting step for a specific reaction.

Catalysts are widely used to increase the hydrogen sorption rate
by lowering the activation energy of de-/rehydrogenation
reactions. An obvious advantage of catalytic addition is that a
small amount of an efficient catalyst results in a significant kinetic
enhancement coupled with negligible capacity loss. Currently, the
majority of catalytic reactions involved in HSMs can be described
as heterogeneous catalysis in solid–gas and solid–solid reactions.
The efficiency of such catalysts is influenced by a series of factors
including the intrinsic activity, particle size, and morphology, as
well as their dispersion and contact state within host materials.
Previous catalyst studies have mainly focused on noble/transition
metals and their compounds that are highly active in promoting
dissociation or recombination of H2, which demonstrated their
efficiency in metal hydrides by facilitating chemisorption and
nucleation steps. Recently, significant advances have been
achieved in understanding the catalytic mechanism involved
and the identification of novel catalysts such as nanostructured
carbons, complex hydrides, and ionic liquids, some of which are
effective in lowering the kinetic barrier associated with diffusion
(or mass transport).

In addition to a high Tde (i.e., thermodynamic limitation), the
potential practical application of MgH2 is hampered by the slow
hydrogen sorption rate (i.e., kinetic limitation) as well. Extensive
catalyst studies indicate that most noble metals and transition
metals are capable of improving the hydrogen sorption rate of
MgH2 at �300 8C, yet exhibit a limited activity at moderate
temperatures. The use of metal compounds allows further
improvement by varying the valence and anion. In particular, the
discovery of Nb2O5 as a superior catalyst promotes not only the
identification of efficient catalysts among transition-metal
compounds but also the understanding of the catalytic mechan-
ism involved.[58] It has been proposed that the multivalency of
transition-metal cations and the tailoring role of specific anions in
compounds are responsible for the higher catalytic activity
towards hydrogen dissociation/recombination relative to transi-
tionmetals, the latter of which is realized through the appropriate
chemical interaction between compound catalyst and host
material.[59,60] Furthermore, substantial kinetic enhancement
Adv. Mater. 2010, 22, E28–E62 � 2010 WILEY-VCH Verlag Gm
can be attained by the use of nanostructured Nb2O5 at moderate
temperatures, which is presumably due to the improved
efficiency of catalytic activation by reducing particle size and
promoting dispersion.[61]

Complex hydrides with favorable thermodynamics may also
confront a high kinetic barrier. For instance, NaAlH4 was not
considered suitable for reversible hydrogen storage until the
discovery of Ti-based catalysts that are capable of substantially
accelerating its de-/rehydrogenation reactions at moderate
temperatures.[62] Particular attention then focused on the
clarification of the underlying catalytic mechanisms, and diverse
assumptions have been proposed. Up to now, the mechanistic
investigation remains a subject of great controversy. However, the
interaction between the Ti-based catalyst and the host material is
generally emphasized in understanding the nature of catalytically
active species.[63] As a prototype system of catalyzed complex
hydrides, the Ti-doped NaAlH4 system not only has fundamental
significance for mechanistic investigation, but also facilitates the
rational design of novel catalysts for related materials. Another
kinetically stabilized system is the Li�Mg�N�Hmaterial. While
its favorable reaction enthalpy (�40 kJ mol�1 H2) thermodyna-
mically predicts a Tde(1 atm) of 90 8C, dehydrogenation with a
reasonable rate is typically obtained at �200 8C, in which
significant kinetic limitations from the interface reaction and
mass transport are identified.[64] Only a few metal-based catalysts
were reported to be active toward this material,[65] yet were far
from being efficient. Unexpectedly, LiBH4 has been identified to
be a promising catalyst for the Li�Mg�N�H system.[66,67] Even
the addition of 0.05mol of LiBH4 enables a substantial de-/
rehydrogenation of Li�Mg�N�H at 140 8C.[67] In contrast to the
stable metal-based catalysts, LiBH4 interacts with host LiNH2 to
form a low melting-point solid solution Li4BH4(NH2)3.

[66] Based
on the downward shift of N�H stretching and the elongated
N�Hbond, it has been proposed that the weakening of the strong
N�H bond may be responsible for the enhanced dehydrogena-
tion kinetics.[67] This understanding highlights the significance of
an appropriate interaction between catalysts and the host material
in efficient dehydrogenation by activating strongly bound
hydrogen in complex hydrides. In addition, in situ seeding
was also developed as an effective strategy to lower the kinetic
barriers associated with intermediate/product nucleation upon
dehydrogenation of Li�Mg�N�H.[66,68] This approach may be
generalized to multiphase systems kinetically limited by an
interface reaction.

A peculiar heterogeneous catalyst worth mentioning is CNTs,
which finds general use in the kinetic enhancement of both metal
hydrides and complex hydrides. The effect of CNTs was first
examined in the catalyzed MgH2 material, in which multiwalled
CNTs (MWCNTs) were used as coadditives with Zr and Ni to
improve the capacity and hydrogen sorption rates.[69] A systematic
investigation by Wu et al.[70] found that single-walled CNTs
(SWCNTs) are superior to MWCNTs and some other commonly
used carbon/non-carbon additives. They used a comparative
study to preclude the primary role of SWCNTs as a milling agent
and proposed that the favorable effect originates from the
combination of its composition and unique structure, that is, the
metal ‘‘impurities’’ contained promote the dissociation/recom-
bination of hydrogen while the hollow tubular nanostructure
facilitates the hydrogen diffusion by acting as rapid diffusion
bH & Co. KGaA, Weinheim E35
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channel and increasing the grain boundary of the host hydride.[70]

Similar results were also observed in the SWCNT-catalyzed
NaAlH4, Li�Mg�N�H, LiBH4, and Li�Mg�B�H materi-
als.[71–74] On the basis of the characteristics of dehydrogenation
from LiBH4, SWCNTs were also proposed to function as a
structure-directing agent by forming a network structure upon
milling with host material, which shortens the diffusion distance
and mitigates particle agglomeration/sintering.[73,74] In addition,
theoretical calculations also suggest that the catalytic effect of
SWCNTs arises from the high electron affinity determined by the
curvature of the graphitic sheet.[75] Clearly, these results
emphasize the importance of morphology and nanoscale effect
in tailoring the catalytic efficiency.

The capability of SWCNTs in facilitating hydrogen diffusion
also suggests that comprehensive effects may be expected while
combining SWCNTs with metal catalysts. A prototype catalyst of
such type is the so-called as-prepared SWCNTs, which contain a
large amount of transition-metal particles (typically Fe/Co/Ni)
and exhibit a higher activity relative to purified ones.[72,73]

Notably, the recently developed VTi/CNTcatalyst was found to be
one of the most active catalysts for MgH2.

[76] Accordingly, a
strategy for designing composite catalysts is proposed: active
alloys can be used to enhance the kinetics while incorporating
CNTs to increase the reversible capacity.[76,77] However, systema-
tic analyses of reaction kinetics and microstructure characteriza-
tions are required to gain further insight into the mechanism of
CNTs in accelerating hydrogen diffusion.

Another significant aspect in the catalytic activation of HSMs
involves hydrogen generation from the solid–liquid interaction.
One representative example is the catalytic hydrolysis of NaBH4.
NaBH4 is stabilized in its aqueous solution by adding alkali (e.g.,
NaOH) under ambient conditions and catalysts are used to
accelerate the hydrolysis reaction while hydrogen is required. A
catalyst is the key to achieving controlled hydrogen release from
the hydrolysis reaction of NaBH4. Noble metals/alloys (e.g., Ru,
Pt, and PtRu alloys) exhibit favorable combination of catalytic
activity and cyclic stability,[78,79] but their high cost has stimulated
extensive efforts in identifying more affordable alternatives.
Several transition metals and their alloys (e.g., Co and its alloys)
are found to be competitive in terms of cost and catalytic
activity.[80,81] However, the problematic deactivation during
cycling remains a challenge and only few works have dealt with
this issue. From the viewpoint of practical application, this is of
great significance under any occasions and thus deserves
intensive investigation in future work. Here, it should be pointed
out that the combined constraints of low capacity, high cost, low
regeneration efficiency, and problematic hydrolysis product
currently preclude the solution-based NaBH4 system from any
vehicular application.[82] Provided that the production cost could
be decreased to an acceptable level, catalytic hydrolysis of NaBH4

may be a solution for a portable hydrogen source.
In contrast to most catalyzed HSMs, which are based on

heterogeneous catalysis, dissolving AB into solvents enables
more efficient homogeneous catalysis, which is characterized by
molecule-level dispersion/contact of catalyst within the host
material. Catalytic dehydrocoupling of AB in organic solutions
(e.g., THF and polyether) in the presence of transition-metal
complexes is a typical route to release hydrogen at moderate
temperatures (typically �45–60 8C).[83] Alternatively, ionic liquids
� 2010 WILEY-VCH Verlag Gm
are identified as both a novel solvent and an effective catalyst to
replace volatile organic solvents.[84] However, the above two
systems suffer frommoderate hydrogen capacity as a result of the
limited solubility of the host material in solvents.

In most cases, catalyst identification still relies on time-
consuming screening, which is primarily due to the lack of
mechanistic guidance and the complexity of catalytic reactions.
Therefore, an in-depth understanding of the catalytic mechanism
involved in kinetic enhancement is required in future work and
will promote the rational design of novel catalysts.
2.4. Nanoscaling

Despite the demonstrated efficiency of catalytic activation,
identification of efficient catalysts currently remains a challenge
for several HSMs due to the complicated reaction pathways
involved. Alternatively, significant kinetic enhancement can
be achieved by simply tailoring grain/particle size to the
nanoscale for the vast majority of HSMs. In general, nanoscaling
is effective for overcoming the kinetic barriers associated with
diffusion by increasing the diffusion rate and/or decreasing the
diffusion distance.

2.4.1. Nanocrystalline Materials

Nanocrystalline materials are characterized by micrometer-sized
particles comprising nanometer-sized grains. Notably, a large
portion of grain boundaries were involved, which may serve as a
fast diffusion path for active species and lead to an increased
diffusion rate. High-energy ball-milling is widely used as an
efficient technique to produce nanocrystalline materials. Zaluska
et al. investigated the hydrogen-absorption kinetics of nanocrys-
talline Mg prepared by ball-milling and found that the absorption
rate improved with the reduction of grain size upon increasing
the milling time.[85] A positive correlation can be observed
between kinetic enhancement and milling time for most
kinetically limited solid HSMs. A noteworthy exception is the
hydrogen release from LiBH4, in which melting prior to
dehydrogenation eliminates the desired effects from increased
grain boundary. Two other contributing factors are also involved
in the nanocrystalline materials prepared by ball-milling: the
abundance of defects and lattice strain introduced, which need to
be considered in understanding the resultant improvement of
sorption kinetics.

2.4.2. Low-Dimensional Materials

Low-dimensional materials combine both nanoscale morphology
and grains, which leads to a more significant kinetic enhance-
ment compared with nanocrystalline materials. Similarly, a
size–performance relationship is established for the dehydro-
genation of NaAlH4 nanoparticles supported on carbon nanofi-
bers (CNFs), that is, a successive reduction in activation energy
(from 116 to 58 kJ mol�1 H2) with the decrease of particle size
(from 1–10mm to 2–10 nm).[86] Yet, such an enhancement is
accomplished with unacceptable capacity penalty resulting from
the use of carbon support. In the kinetic modification of the
Li�N�H material, a more significant reduction in activation
energy (by 119 kJ mol�1 H2) was observed while comparing the
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, E28–E62
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Figure 3. Schematic representation of AB in SBA-15: a) scanning electron
microscopy (SEM) image of SBA-15; b) transmission electron microscopy
(TEM) cross-sectional image of SBA-15; c) schematic representation of
parallel channels in SBA-15; d) schematic representation of AB network in
the cross section of a single pore. Reproduced from Reference [91].
hydrogenation property of Li2NH hollow nanospheres with that
of micrometer-sized particles.[87] In addition to kinetic enhance-
ment arising from shortening the diffusion distance, density
functional theory (DFT) calculation results suggest that sub-
stantial thermodynamic modification may also be achieved by
reducing the particle size of MgH2 to the nanoscale (e.g.,
<1.3 nm).[88] Motivated by this, Li et al. prepared Mg nanowires
with diameters of �30–50 nm and investigated their kinetic and
thermodynamic properties. Compared to the ball-milled Mg
powders, the activation energies of hydrogen absorption/
desorption reactions are reduced dramatically from 120–140
to 33.5 and 38.8 kJ mol�1 H2, respectively.

[89] Unfortunately, a
relatively slight reduction in reaction enthalpy was attained,[89]

presumably due to the larger particle size than the desired value.
However, the mechanism of kinetic enhancement in low-
dimensional materials is still unclear. Although the nanoscale
morphology shortens the diffusion distance and thus improves
the de-/rehydrogenation rates, it fails to explain the substantially
reduced activation energies in the absence of generating lower
energy-barrier pathways. Such low activation energies may be
related to the change of surface structure upon tailoring particle
size to the nanoscale.[86]

2.4.3. Nanoconfined Materials

A major issue related to low-dimensional HSMs is the inevitable
particle agglomeration and growth (even sintering occurs at
elevated temperatures) driven by the high surface energy during
hydrogen cycling, thus leading to significant property degrada-
tion. In addition, it is rather difficult to synthesize freestanding
nanoparticles (e.g., several nanometers in diameter) for the vast
majority of hydrides. Toward overcoming these two barriers,
nanoconfined materials were developed, in which the use of
nanoscaffolds ensures the combination of nanostructure and
morphology stability. Formultiphase reactions, nanoconfinement
also limits the phase segregation. Thus, the overall effect is to
improve the interfacial contact and interaction between reacting
phases.[13]

Nanoconfinement was first used to improve the dehydrogena-
tion kinetics of NaAlH4 by loading the hydride into carbon
aerogels.[90] Recently, synergetic enhancement in dehydrogena-
tion properties was attained in nanoconfined AB composites by
incorporating an AB solution into mesoporous silica (SBA-15)
using the impregnation technique (Fig. 3).[91] A combination of
reduced dehydrogenation temperature, enhanced dehydrogena-
tion rate, and suppressed gas impurity release are realized
compared to the bulk material. More importantly, the first
hydrogen release step is modified to be nearly thermoneutral
(DH¼�1� 1 kJ mol�1), which favors off-board material
regeneration from an energetic viewpoint.[91] Further analysis
of structural evolution suggests that nanoconfinement modifies
the dehydrogenation properties by altering the intermolecular
interaction of AB.[92] Similarly, LiBH4 localized within a
mesoporous carbon aerogel exhibits a decreased dehydrogena-
tion temperature (up to 70 8C) and an increased cycling
capacity.[93] Mechanistic investigation suggests that such favor-
able properties mainly originate from kinetic enhancement,
which is closely related to a series of contributing factors such as
enhanced diffusion rate, decreased diffusion distance, and
Adv. Mater. 2010, 22, E28–E62 � 2010 WILEY-VCH Verlag Gm
facilitated nucleation. Favorable modification in thermodynamics
is further achieved upon using microporous activated carbon as a
nanoscaffold, in which an enhanced nanoconfinement effect can
be expected.[94] However, the incorporation of ‘‘inert’’ structure-
directing agents leads to an unacceptable capacity loss in all the
above materials. Therefore, a lightweight nanoscaffold material
with an optimized pore structure is required to achieve a high
loading ratio while maintaining the nanoconfinement effect. In
addition, the currently adopted loading technique is limited by
the melting point, solubility, or wetting property of the hydride
material as well as the difficulty of incorporating a multiple-phase
system. Apossible solution to the above issues is the development
of an appropriate technique for in situ synthesizing nanoscaffold
materials with a tunable structure, which may combine in situ
loading with optimized pore structure. However, inadequate
hydride/substrate bonding must be avoided, which otherwise
would alter the reaction pathway and lead to the generation of
undesirable byproducts.[95]
2.5. Morphology Tailoring and Surface Modification

Hydrogen storage by physisorption is a promising solution to the
reversible high hydrogen uptake at ambient temperature. In
contrast to chemisorption where hydrogen is chemically bonded
within host hydrides, hydrogen molecules are adsorbed on the
surface of adsorbents through a 4–10 kJ mol�1 interaction.
Recently, such HSMs are of increasing interest as they obviate the
daunting dilemma between Tde and reversibility as well as the
heat exchange issue encountered in the hydrogen-rich but
strongly bound hydrides. However, the low hydrogen binding
energy essentially limits hydrogen uptake to no more than
�1–2wt% at ambient temperature. To meet the system
requirements of an on-board hydrogen storage, the interaction
bH & Co. KGaA, Weinheim E37
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between hydrogen and the adsorbents must be enhanced and a
binding energy of 15–20 kJ mol�1 H2 is estimated to be desirable.
Thus, an ideal adsorbent should possess sufficient accessible
sorption sites of such binding energy to achieve high-capacity
storage at ambient temperature.

Essentially, physisorption-based hydrogen storage is deter-
mined by two fundamental properties of adsorbents: accessible
surface area and hydrogen binding energy. Morphology tailoring
and surface modification are effective strategies for enhancing
hydrogen capacity by increasing the accessible surface area and/
or hydrogen binding energy. Morphology of materials determines
their accessible surface area, and to some extent influences the
hydrogen binding energy. A variety of nanostructured materials
have been proposed as potential adsorbents on the basis of their
unique or rationally designed morphology, such as microporous
scaffolds,[96–99] nanotubes,[100–102] nanofibers,[103] nanohorns,[104]

and hybrid nanostructures.[105] However, promising results are
merely experimentally demonstrated in microporous adsorbents,
which enable the highest specific surface area ever known and
allow simultaneous control over hydrogen binding energy by
optimizing pore size (which increases the hydrogen affinity of the
porous material by overlapping the potential from the pore walls).
Typically, a desirable pore structure (large proportion of uniform
pores with appropriate size) can be attained by varying reactant
precursors and synthesis conditions. Carbon material with a
tunable pore structure was synthesized by using different starting
carbides and chlorination temperature, in which an optimized
pore structure leads to both a high specific surface area
(�2000m2 g�1) and an increased hydrogen binding energy (up
to 11 kJ mol�1).[96] A micropore (1 nm or below) was found to be
responsible for efficient hydrogen storage at ambient pressure
and liquid-nitrogen temperature.[96] Alternatively, using zeolite as
the template allows the development of carbon materials with
narrow pore-size distribution (predominantly below 1 nm), which
combines a high surface area (up to 3200m2 g�1) with a high
hydrogen binging energy (8.2 kJ mol�1).[97] The leading candidate
of microporous materials is metal–organic frameworks (MOFs),
in which metal building units are connected by organic bridging
ligands to form 3D networks with a uniform pore-size
distribution. The characteristic structural and compositional
flexibility offer great potential for developing an extensive class of
promising microporous materials with extremely high specific
surface areas (�1000–6000m2 g�1).[17] Interestingly, the struc-
tural flexibility of organic bridging ligands can also be used to
dynamically sequester hydrogen molecules inside MOFs.[106]

Similarly, polymers of intrinsic microporosity with narrow size
distribution of micropores (0.6–0.7 nm) have also been synthe-
sized, which exhibit moderately high hydrogen uptakes (1.43wt%
at 1 bar and 77K).[98] However, in view of the structural limit, it
seems unlikely that sufficient enhancements in the hydrogen
binding energy would be achieved to realize a room temperature
high capacity by merely tailoring the morphology.

Surface modification can be used to further enhance the
hydrogen binding energy of adsorbents with tailoredmorphology,
which involves novel types of interaction with hydrogen. Rather
than strengthening the interaction with hydrogen molecules,
hydrogen spillover by supported metal catalyst was proposed as a
versatile approach to enhance the hydrogen uptake at ambient
temperatures by enabling a stronger atomic hydrogen adsorption
� 2010 WILEY-VCH Verlag Gm
in a wide range of adsorbents including nanostructured carbons,
MOFs, zeolites, and mesoporous silica.[18,107,108] Hydrogen
molecules dissociate on the metal surface into hydrogen atoms,
which then migrate via surface diffusion to adsorb on the host
materials.[18] Upon adding 10wt% Pt/ activated carbon (which
contains 5wt% Pt), the hydrogen uptake of IRMOF-8 was
increased from 0.5 to 1.8wt.% at 298K and 10MPa.[108] Notably,
a hydrogen binding energy as high as 21 kJ mol�1 was reported.[18]

However, the mechanistic understanding of the hydrogen spillover
process is quite limited and a correlation between hydrogen
adsorption and structural characteristics needs to be established in
future work.[109] Further, the essential dependence of capacity
enhancement by spillover on the availability of high binding energy
sites suggests that even in the presence of spillover effects,
incorporation of more high binding energy sites are necessary.
Extensive research efforts have focused on decorating the surface
of adsorbents with metal species to achieve this goal, which
suggests that it is pivotal to develop a Kubas interaction between
hydrogen and active metal sites.[19] Theoretical calculations on
fullerenes,[110] CNTs,[111] ethylene,[112] and polymers[113] modified
by transition metal atoms invariably predicted high hydrogen
binding energy and hydrogen uptake on the low-coordinate metal
species. Although no experimental data is available from the above
materials as a result of the technical difficulty in materials
synthesis, it has been demonstrated that incorporating the
coordinatively unsaturated metal sites into MOFs significantly
improves the hydrogen adsorption.[114–118] The strongest MOF–H2

interactions (13.5 kJ mol�1) are obtained through directly binding
hydrogen molecules to the exposed metals.[119] Given that MOFs
can be tailored to incorporate a large number of selected metal
cations, further improvement can be anticipated and this presents
a promising strategy for achieving the desirable hydrogen binding
energy. In addition, a more surprising result was obtained in a
Ti-decorated mesoporous silica, in which grafting Ti(III) benzyl
species on the silica surface increases the hydrogen binding energy
from 3.5 to�22 kJ mol�1.[120] However, a significant improvement
in hydrogen capacity has not been achieved at ambient
temperature for all the above materials, which is primarily due
to the limited number and accessibility of active metal sites.
Therefore, combining large numbers of accessible active metal
sites with high surface area and optimized pore size is critical in
the development of novel adsorbents.
2.6. Summary

HSMs are important to provide safe and efficient vehicular
hydrogen sources. Decades of efforts have been devoted to
identifying potential HSMs that can meet the stringent
requirements for on-board application. Hybridization leads to
the development of several novel systems with favorable
thermodynamic stability by creating new reaction pathways.
Alternatively, cation/anion substitution in host structures tailors
the intrinsic binding states and thus modifies the dehydrogena-
tion thermodynamics and kinetics. Catalytic activation is a
versatile and efficient manner to enhance the hydrogen sorption
rate of kinetically stabilized materials by lowering the activation
energy, which is applicable to both solid–gas and solid–liquid
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, E28–E62
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interactions. Nanoscaling has been demonstrated to be particu-
larly effective for overcoming the kinetic barrier associated with
diffusion (mass transport), and the enhanced nanoscale effect
may also result in thermodynamic modification. Utilization of
nanoscale confining techniques offers new possibilities to
address the dilemma between Tde and reversibility encountered
in high-capacity hydrides. In contrary to the above-mentioned
chemisorption mechanism, physisorption allows facile reversible
storage at ambient temperature, in which morphology tailoring
and surface modification currently play an important role toward
achieving high hydrogen capacity.

None of the existing HSMs can currently meet the US DOE
2010 benchmark target. Therefore, continuous efforts are
required to develop novel materials, and efficient synthetic
techniques and strategies are necessary. In this regard, the role of
organic chemistry is of increasing significance, which is widely
used in hybridization, cation/anion substitution and exchange,
catalytic activation, and nanoscaling. In particular, the combina-
tion of organic chemistry with cation/anion substitution and
exchange significantly facilitates the synthesis of novel metal
borohydrides and AB-based compounds.
3. Advanced Materials for LIBs

3.1. Introduction to LIBs

A LIB is mainly composed of an anode (negative), a cathode
(positive), an electrolyte, and a separator. The positive electrode
materials are typically Li-containing metal oxides with a layered
structure (such as lithium cobalt oxide) or tunnel-structured
materials (such as lithium manganese oxide). The negative
electrode materials include insertion-type materials (such as
carbon, Li4Ti5O12, TiO2, etc.), conversion-type materials (such as
iron oxides, nickel oxides, cobalt oxides, etc.), and alloying-type
materials (such as Si, Sn, etc.). The electrolyte should be a good
ionic conductor and electronic insulator. Most of the 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 negative and
positive electrodes and to provide abundant channels for
transportation of Li ion during charging/discharging.[121]

When a battery is cycled, Li ions exchange between the positive
and negative electrodes. LIB is also referred to a rocking-chair
battery as Li ions ‘‘rock’’ back and forth between the positive and
negative electrodes. LIB was commercialized in the early 1990s
and has become the most important and widely used secondary
battery. LIB shows advantages of high voltage, high energy
density, long cycling life, good environment compatibility, and
light weight over traditional lead-acid batteries and Ni-based
batteries. LIBs are widely used as a convenient power source for
various portable electronic devices. However, there are contin-
uous demands for batteries with higher power and energy density
and longer cycling life to power newly emerging electronic
devices, advanced communication facilities, and in particular,
EVs or HEVs. The energy density of a battery is mainly
determined by its output voltage and specific capacity, which are
dependent on the electrochemical properties of electrode
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materials. For different application fields, there are different
requirements for batteries. For example, the rechargeable
batteries for EVs or HEVs should have the ability to be charged
sufficiently fast and the current available from the batteries
should be high enough to produce a desirable power.
3.2. Electrode Materials for LIBs
3.2.1. Anode Materials

Commercial LIBs are usually based on carbonaceous anode
materials, in which Li is inserted during charging. The resulting
Li-interacted carbons show a low potential close to that of a
metallic Li electrode. By using a carbonaceous anode, the knotty
problem of dendrite formation in the initially employed Li metal
anode can be avoided, and the safety and reliability of LIBs are
improved. Carbon materials can be typically specified into three
groups, namely, graphite and graphitized materials, ungraphi-
tized soft carbon, and hard carbon.[122] Graphite is most widely
used due to its stable specific capacity, small irreversible capacity,
and good cycling performance. Mesocarbon microbeads
(MCMBs) derived from petroleum or coal products exhibit
desirable overall performance with moderate high capacity and
excellent cyclability. The electrochemical properties of soft
carbons heat-treated below 1000 8C and hard carbons are largely
determined by their surface characteristics and pore structures.
Hard carbon displays a high lithium storage capacity and good
power capability, but poor electrical conductivity and a large
irreversible capacity.[122,123] Although carbonous anode materials
receive wide-range applications in commercialized LIBs, it is
recognized that graphitic carbons suffer from solvent
co-intercalation in propylene-carbonate-based electrolytes, which
results in large interlayer expansion and subsequent degradation
of the graphitic structure. More importantly, the gravimetric and
volumetric capacity of carbon materials is limited. The rapid
development of electronic devices and EVs demands a much
higher energy density as well as a higher power density and a
smaller irreversible capacity for anodes. Therefore, other
elements, including Al, Si, Ge, Sn, Pb, Sb, and Bi, and their
alloys or oxides, have been examined as anodes for LIBs. Among
them, Si shows the highest gravimetric capacity of up to
4200mAh g�1. However, during charging and discharging,
unavoidable large volume expansion of these electrode materials
results in pulverization of the electrode materials and loss of
electrical contact upon prolonged cycling, which cause rapid
capacity fading that hinders their practical use as electrodes.

3.2.2. Cathode Materials

Basically, there are two kinds of cathode materials for LIBs.[124]

The first contains layered compounds with an anionic closely
packed lattice in which alternate layers between the anion sheets
are occupied by a redox-active transition metal, and Li ions can
insert into the essentially empty remaining layers. This group
is exemplified by LiTiS2, LiCoO2, LiNi1–yCoyO2, and
LiNiyMnyCo1–2yO2. The materials in the second group have
more open structures, including many vanadium oxides, the
tunnel compounds of manganese dioxides, and transition-metal
bH & Co. KGaA, Weinheim E39
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phosphates. The first group, because of their more compact
lattices, has an inherent advantage in specific volumetric energy
density, but some in the second group, such as LiFePO4, show
advantages of much lower cost and higher rate capability.[124]

Specifically, LiCoO2, LiMn2O4, and LiFePO4 are the most widely
used cathode materials.

LiCoO2 has desirable electrochemical properties, such as good
structural stability and moderately high capacity, and the
fabrication of high-quality LiCoO2 is facile. The major drawbacks
of LiCoO2 are high cost and toxicity.[125,126] The use of manganese
oxides in LIBs is stimulated due to their low cost and
environmental impact. The discharge curve for LixMn2O4 has
two concentration portions, occurring near 4 V and 3V versus
Liþ/Li, which correspond to the addition of onemore Li, resulting
in Li2Mn2O4.

[127] The pristine LiMn2O4 shows severe capacity
fading upon cycling. This problem can be tackled by the
substitution of different cations (Li, B, Mg, Al, Fe, Co, Ni, or Zn)
or by the introduction of nanodomain structures.[128,129] LiFePO4

possesses advantages of potentially low cost, rich resources, and
environmental friendliness.[130] The discharge potential of
LiFePO4 is about 3.4 V versus Liþ/Li and no obvious capacity
fading is observed even after several hundred cycles. Its capacity
approaches 170Ah kg�1, higher than that of LiCoO2 and
comparable to stabilized LiNiO2. However, this material has a
very low electrical conductivity at room temperature. Therefore, to
achieve its theoretical capacity, the current density has to be
controlled at a very low level.[131] Efforts have been made to
improve the conductivity of LiFePO4 by carbon-coating, metal-
rich phosphide nanonetworking, super-valence ion-doping, and
aliovalent substitution.[132,133]
3.3. Advanced Materials for LIBs

The ever-enlarging markets of portable electronic products,
advanced communication facilities, and EVs/HEVs stimulate and
require the development of LIBs with superior performances,
such as higher energy density, larger power density, and longer
cycling life. To obtain LIBs with superior performances, the
morphology, composition, ionic diffusion kinetics, conductivity,
and surface characteristics of electrode materials need to be
optimized. The studies on the development of electrode materials
for high-performance LIBs are quite active, and considerable
advancement has been made based on smart material-design
strategies.

3.3.1. Nanostructuring

Traditional electrode materials for LIBs are on the milli- or
microscales in size. Recently, more and more nanostructured
materials, including 0D nanoparticles, 1D nanowires and
nanotubes, 2D nanosheets and nanoflakes, and core–shell
structured nanomaterials have been explored for the electrodes
of LIBs. Due to their small size and large surface area, the contact
area between the electrode material and the electrolyte is
increased and the distance that Li ions have to diffuse across
the electrode is shortened. Therefore, a faster charge/discharge
ability, that is, higher rate capability, can be expected for the
nanomaterial-based LIBs. For somematerials with high Li storage
� 2010 WILEY-VCH Verlag Gm
capacity made by forming Li-containing alloys (such as Si, Sn,
etc.), a large volume change is accompanied with the charging/
discharging process, which results in a large inner stress and
exfoliation of the electrode material and a rapid capacity fading
upon prolonged cycles. By using nanomaterials, the lattice stress
can be largely alleviated due to their small grain size and large
portion of surface atoms, and thus their cycling performance can
be improved.

Low-Dimensional (LD) Electrode Materials: Powders or particles
of metal oxides, metal phosphides, and oxysalts with diameters
ranging from several to tens of nanometers have been
investigated as the electrode materials of LIBs. Due to their
nanoscale particle size, the Li-ion diffusion path can be shortened
and the inner stress caused by Li insertion/desertion can be
lowered. Consequently, improved rate performance and cyclabil-
ity can be anticipated. Anode materials of metal oxides,
phosphides, and oxysalts like MoO3,

[134] TiO2,
[135] SnO2,

[136]

MoP2,
[137] ZnCo2O4,

[138] and FePO4
[139] in the nanoscale were

recently reported, and nanoparticles of Li(Ni1/3Co1/3Mn1/3)O2
[140]

and LiCoO2
[141] were prepared as the cathode of LIBs. As an

example, Hu et al. prepared a nanometer-sized rutile TiO2 that
shows a high specific charge capacity of 160 and 70mAh g�1 after
50 cycles at rates of C/20 and 30C (nC being the charge/discharge
cycles in 1/n hour) respectively, which are much higher than
those of micrometer-scale rutile TiO2. The improved electro-
chemical properties of the nanosized TiO2 are attributed to their
shorter transport length for both electrons and Li ions, as well as a
larger electrode–electrolyte contact area.[135]

One problem for these nanoparticles is their relatively low
conductivity. To solve this problem, Paek et al. prepared a SnO2

nanoparticle/graphene composite, where graphene nanosheets
confine the volume change of SnO2 and serve as an electronic
conductive medium in the electrode.[142] Thus, the composite
anode displays a desirable rate capability and high capacity.
Another problem is that when the particle size of lithium
transition metal oxides is reduced to the nanometer scale, their
stability becomes worse. To suppress the dissolution of metals in
electrolytes, coatings of phosphates[143] and oxides[144] on these
nanoparticles were reported. As a result, the cycling performance
of these nanosized cathode materials were improved
significantly.[145]

Compared to nanoparticles, 1D materials including nano-
wires,[146–149] nanorods,[150] nanofibers,[151] and nano-
tubes,[152,153] are propitious to both improving electrical
conductivity of the electrode and allowing enhancement of Li
diffusion into the nanostructure. Especially for nanotubes with a
hollow inner core, the inner stress caused by the volume change
can be better alleviated. Park et al. reported that SnO2 nanowires
synthesized by a thermal evaporation and self-catalyzed growth
procedure showed a high initial Coulombic efficiency and an
improved cyclic retention compared with those of SnO2 powders
and SnO2 nanowires containing Au catalyst particles.[146] They
found that the electrochemical performance of SnO2 nanomateri-
als is closely related to their morphological features.[147] Lou et al.
reported a needle-like Co3O4 nanotube that has a non-constant
diameter in the range of 150–400 nm and a length up to 10mm. A
very high charge capacity of 950mAh g�1 is attained in the first
cycle, and about 97% of this high capacity is retained after
30 cycles. At a relatively high current density of 100mA g�1, the
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, E28–E62
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performance of the Co3O4 nanotubes is basically unaltered.[153]

Single-crystalline spinel LiMn2O4 nanowires and nanorods were
reported by Hosono et al.[148] and Kim et al.[150] These materials
show an improved rate capability and cycling performance
compared to the commercially available samples. The enhanced
performances of the nanotubes and nanowires are attributed to
their 1D morphology and the high quality of the single crystal.
Nam et al. reported self-assembled Co3O4 nanowires and
hybrid Au–Co3O4 nanowires using a M13 virus as template,
and prepared a 2D organized assembles of these nanowires on a
polymer film. The assembly produced lightweight, flexible, and
transparent active material/substrate multilayers as free-standing
films. It was found that a cell constructed by the assembled Co3O4

nanowires/polymer layer/Li can deliver 94% of its theoretical
capacity at 1.12C and 65% at 5.19C. These self-assembled
materials are anticipated to find applications in thin, flexible
LIBs.[154]

Zhang et al. synthesized nickel silicide nanosheets and
nanobelts (Fig. 4a and b) by a thermal chemical reaction method
using nickel and SiHCl3 as starting materials. The nanosheets
were 20–80 nm in thickness and several to tens of micrometers in
length and width. Two phases of Ni3Si and Ni31Si12 were found to
coexist in the nanosheets. The Ni silicide nanosheets stably
delivered a high capacity of 540mAh g�1 after 20 cycles (Fig. 4c).
The excellent electrochemical performance of the nanosheets was
attributed to its large surface area, small thickness, and proper
phase composition, which bring more reaction sites for
charge transfer on the surface, a shorter diffusion length for Li
ions, and an enhanced ability to accommodate large volume
expansion and contraction during the insertion and extraction of
Li ions.[155]
Figure 4. a) SEM image of the nickel silicide nanobelts. b) TEM image o
nanosheeet. c) Electrochemical cycling performance of the nickel silicid
nanosheets. Reproduced with permission from Reference [155]. Copyright 200
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Similarly, layered SnS2 nanoplates[156] and a-Fe2O3 nano-
flakes[157] were reported. These 2D materials present a finite
lateral size and enhanced open-edges, which facilitate Li-ion
diffusion through active materials and decrease the overvoltage
caused by Li alloying.[156]

Core/Shell-Structured Nanomaterials: Electrode materials
exhibiting a high capacity, long cycling life, and good rate
capability are highly desirable. However, it is difficult to achieve
all these objectives simultaneously for a single-phase material
even with reduced dimensions. Thus, the design and synthesis of
hybrid nanoscale electrode materials containing two or more
components have been widely investigated, such as core/shell
nanostructures with synergistic functionality of the composing
components. There are two main categories of core/shell
nanostructures, namely, core/shell nanoparticles and coaxial
nanocables. The core part is usually an electrochemically active
material with high Li storage capacity, and a thin carbon layer is
most frequently used as the shell, which functions in enhancing
electrical conductivity, preventing aggregation, improving che-
mical stability, and buffering stress of the inner nanoscale active
material.[158–160]

Wang et al. prepared a core/shell-structured LiFePO4/C
composite by an in situ polymerization restriction. The composite
was composed of a highly crystalline LiFePO4 core with a size of
20–40 nm and a semigraphitic carbon shell with a thickness of
1–2 nm. The discharge capacity of the prepared composite was
168mAh g�1 at 0.6C, and it delivered a capacity of 90mAh g�1 at
a high rate of �60C. The prepared composite also exhibited an
excellent cycling performance, with less than 5% discharge
capacity loss over 1100 cycles at 0.6C.[160]

Distinct from the above carbon-coated hybrid materials,
f a nickel silicide
e nanobelts and
8, IOP Publishing.
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Sun et al. prepared a concentration-gradient
cathode material by coprecipitation. Each of
the spherical particles had a central core
rich in Ni and a Mn-rich outer layer with
decreasing Ni concentration and increasing
Mn and Co concentrations to the surface
(Fig. 5). The composition of the core was a
nickel-rich layered Li[Ni0.8Co0.1Mn0.1]O2,
which can satisfy high energy and power
requirements. In the outer layer, the reactive
nickel ions were gradually replaced with
manganese ions to provide outstanding
cycling life and safety. The resulting surface
composition was Li[Ni0.46Co0.23Mn0.31]O2,
which was much more stable in contact
with the electrolyte than the core material.
A high capacity of 209mAh g�1 was achieved.
This concentration-gradient material also
showed good cyclability, thermal stability,
and safety. The enhanced electrochemical
performance was attributed to the superior
stability of the concentration-gradient outer
layer and the surface composition of
Li[Ni0.46Co0.23Mn0.31]O2.

[161]

Kang et al. reported a coated LiFePO4

nanomaterial with high rate capability. Their
synthesis strategy was to create an appropriate
off-stoichiometry in the starting materials of
eim E41
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Figure 5. Schematic diagram of a positive-electrode particle with Ni-rich
core surrounded by concentration-gradient outer layer. Reproduced with
permission from Reference [161]. Copyright 2009, Macmillan Publishers
Limited.

E42
Li2CO3, FeC2O4.2H2O, and NH4H2PO4 so that the coating
constituents phase-separate from LiFePO4 when it forms during
heat treatment, thereby creating the active material and coating in
a single process. The particle size of the obtained material was
about 50 nm, and a poorly crystallized thin layer was coated on the
particle surface. This active material possessed extremely high
discharge rates: at 200C (corresponding to a 18 s discharge time)
and 400C, more than 100 and 60mAh g�1 were obtained,
respectively. While the nanometer-sized particles definitely
contribute to the high discharge rate capability by reducing the
ion and electron transport path, the coating is considered to play a
crucial role. The amorphous nature of the coating removes the
anisotropy of the surface properties and enhances the delivery of
Li ions to the (010) facet of LiFePO4 where it can be inserted. It is
also plausible that the disordered nature of the coating material
modifies the surface potential of LiFePO4 to facilitate the
adsorption of Li ions from the electrolyte by providing different
sites with a wide range of energies that can be matched to the
energy of Li in the electrolyte.[162] However, Zaghib et al.
commented on this work very recently and pointed out that the
limiting rate at which a LIB can be charged/discharged does not
come from the cathode but from the anode, and the statement
that the LiFePO4-based LIB for EVs can be charged in seconds or
even minutes is not justified.[163]

Wang et al. reported SnO2/C coaxial nanotubes that deliver a
capacity of 542mAh g�1 over 200 charge/discharge cycles at
0.5C,[164] where ‘‘i) the tubular organization of SnO2 nanoparticles
limits the mobility of particles during cycling; ii) the flexible CNT
skin further improves the stability of SnO2 particles against
agglomeration; iii) the large internal void in the core/shell
construction buffers well against the local volume change in
Li�Sn alloying and de-alloying reactions; iv) the good electrical
conductivity of CNTs is useful in keeping the SnO2 nanoparticles
electrically connected during charging and discharging stages;
and v) the porosity of the SnO2 nanotubes and the large surface
area available from both the interior and exterior of the core/shell
nanotubes also contribute positively to Li-ion diffusion.’’[164] In
addition, core/shell structured MnO2/CNT,

[165] crystalli-
ne-amorphous core/shell Si nanowires,[166] Sn78Ge22@C nano-
wires,[167] mesoporous Si@C nanowires,[168] Sn nanocluster/
� 2010 WILEY-VCH Verlag Gm
SnO2 nanowires,[169] and SnO2/In2O3 nanowires[170] were also
reported.

3.3.2. Designing Unique Configurations

Commercially used electrode materials are usually solid particles
with sphere-like or irregular configurations. It was recently found
that specific design and optimization on the configuration of
electrode materials is an effective manner for enhancing
electrochemical performance.

Hollow Structures: As pointed out by Lou et al., the advantages
brought by hollow structured electrode materials are mainly that
the cavities in hollow structure may provide extra space for the
storage of Li ions, beneficial for enhancing specific capacity, that a
hollow structure is often associated with a larger surface area and
a reduced effective diffusion distance for Li ions, leading to better
rate capability, and that 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 material, hence improving cycling performance.[171]

The composition of hollow structures can be simple elements,
oxides, or hydrates with high Li storage capacity, such as Si,[172]

Sb,[173] TiO2,
[174] SnO2,

[175] Fe2O3,
[176] V2O5,

[177] and VOOH.[177]

Chen et al. synthesized a hollow nest-like Si nanosphere
composed of fine and flexible nanowires with diameters of
5–10 nm. Unlike solid Si particles, the nest-like Si nanospheres
exhibit good cycling performance and high rate capability.
Moreover, a hollow structure can increase the Coulombic
efficiency of the electrode due to the increase of active sites for
reversible electrochemical Li storage.[172,178] Cao et al. reported a
hollow microspherical structure composed of V2O5 nanorods.
The hollow microspheres in combination with the porous and
rugged nanorod structure are favorable in reducing the diffusion
length of Li ions. Thus, the intercalation and extraction processes
of Li ions are of much higher efficiency, which leads to a high
charge/discharge efficiency of 97.2%.[179]

Yu et al. prepared a thin-film anode material composed of
hollow porous spheres with a mean diameter of 5mm. Each of the
porous spheres consists of a multideck-cage structure, where the
thickness of the ‘‘grids’’ ranges from around 60 to 100nm (Fig. 6a).
The ternary Li2O�CuO�SnO2 composite (molar ratio Li/Cu/
Sn¼ 1:1:1) thin-film electrode shows a high reversible capacity of
1185.5mAh g�1, a low initial irreversible capacity loss of 17.6%,
and nearly 100% capacity retention after 100 cycles at 0.5C
(Fig. 6b). Excellent rate capability is also demonstrated with an 8C
rate capacity of 525mAh g�1. The outstanding electrochemical
performance of the Li2O�CuO�SnO2 electrode is attributed to
its special multideck-cage morphology and the ternary composi-
tion, where Li2O can suppress the aggregation of Li�Sn alloy,
while the function of CuO is to combine more Li in Sn and to
improve the discharge capacity by enlarging the voltage range. In
addition, the nanostructured particles shorten the transport
lengths of Li ions, while the unique porous structure ensures a
large electrode–electrolyte contact area and confers the ability to
accommodate the volume change during charge/discharge
processes.[180]

Urchin-like Structures: The so-called urchin-like structure
usually contains a microscale spherical inner core, from which
numerous nanowires or nanofibers protrude out. Compared with
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, E28–E62
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Figure 6. a) SEM image of the as-deposited thin film composed of a
multideck-cage structured Li2O�CuO�SnO2. b) Capacity retention of the
thin-film electrodes cycled between 0.01 and 3V versus Liþ/Li at 0.5 C.
Reproduced from Reference [180].
the normal spherical electrodematerials, the protruding spines of
urchin-like structures may connect with one another to form a 3D
network and hence improve the conductivity of the electrode. In
addition, the voids formed between the spines and the inner core
may facilitate the contact of active material with electrolyte and
enhance Li-ion transport. Urchin-like electrode materials com-
posed of carbon,[181,182] a-MnO2,

[183] and CuO[184] were recently
reported.

Zhang et al. designed and fabricated an urchin-like anode
material for LIBs, where microscale graphite materials act as the
core and CNFs as the surrounding spines (Fig. 7a). CNFs with an
outer diameter of �100 nm and length of several micrometers
were homogeneously grown on the surface of the natural graphite
spheres by catalytic chemical vapor deposition (CVD). Detailed
characterizations of interface structure indicated a sound
combination between the CNFs and the graphite spheres
(Fig. 7b). The CNF-coated graphite spheres display a significantly
improved cycling performance and better rate capability
compared to the original graphite spheres and the mechanical
mixture of graphite spheres and CNFs (Fig. 7c). Moreover, the
designing concept of an urchin-like nano-/microstructure for
the LIB electrode is applicable to other materials, such as Cr2O3.
The functions of CNFs homogeneously grown on the surface of
Adv. Mater. 2010, 22, E28–E62 � 2010 WILEY-VCH Verlag Gm
the microscale active materials were analyzed: i) forming a
continuous conductive network in the bulk of electrodes to
decrease electrode polarization, beneficial to the improvement of
cyclic performance; ii) improving the adsorption and immersion
of electrolyte on the surface of electroactive materials to facilitate
the electrode reaction kinetics; iii) as a buffer among electroactive
materials due to their superior resiliency, thus restraining
cracking and crumbling, and keeping the integrity of the
electrode; and iv) being an electroactive material itself without
notably lowering the whole capacity of anode materials.[181]

Other Special Configurations: Except for the above hollow and
urchin-like structures, electrode materials with other special
configurations, such as desert-rose structured LiCoO2

[185] and
teardrop-shaped SnP0.94,

[186] have also been reported. Chen et al.
synthesized the desert-rose structured LiCoO2 by a molten
hydroxide flux method. The desert-rose LiCoO2 shows desirable
high rate performance, ascribed to its special morphology where
the surfaces of the balls are covered by Li-insertion active
surfaces. This morphology also appears to have an advantage over
LiCoO2 particle cathode materials, since the individual particles
within the ball are well electrically connected.[185]

3.3.3. Control of Pore Structures

The diffusion of Li ions in electrolyte, electrodes, and at the
electrolyte/electrode interface influences directly the electroche-
mical performance of LIBs, especially for rate capability.
Therefore, the pore structure of electrode materials is an
important factor that largely determines the transport behavior
of Li ions. The typical porous materials for the electrode of LIBs
are categorized into 3D and 1D porous materials.

3D Porous Structure: 3D macroporous materials are composed
of well-interconnected cores and walls with a thickness of tens of
nanometers, and these materials can be readily used for
enhancing the rate performance of LIBs since the solid-state
diffusion length is much shorter and their relatively large surface
area can also benefit the charge-transfer rate. In particular, 3D
macroporous carbons provide several advantages for applications
in LIBs: they can be prepared in a monolithic form and used as an
active electrode without adding binders or conducting agents;
their well-interconnected wall structure can provide a continuous
electron pathway, yielding a good electrical conductivity as Li ions
in electrolytes can be easily accessible to the 3D macroporous
pore surfaces.

Lee et al. synthesized a 3Dmacroporousmonolith of carbon via
a resorcinol-formaldehyde sol–gel process. The porous monolith
shows a superior rate capability compared to spherical carbon and
bulk carbon monoliths, but displays low first Coulombic
efficiency and limited volumetric density due to a large surface
area and highly porous feature. SnO2 nanoparticles were then
coated on the surface of the 3D macroporous carbon to enhance
the energy density. As a result, the first discharge capacity of
278mAh g�1 was obtained, which is about 25% higher than that
of pure 3D macroporous carbon.[187] Wang et al. prepared
monolithic carbon/carbon nanocomposites with a hierarchical
macroporous structure by filling a 3D ordered macro-/mesopor-
ous carbon monolith with N-doped graphitic carbon via a CVD
process. The coating on the macro-/mesoporous surface with
chemical vapor deposited soft carbon significantly reduces the
bH & Co. KGaA, Weinheim E43
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Figure 7. a) Schematic diagram, b) morphology, and c) electrochemical cycling performance of the urchin-like natural graphite/CNF hybrid material.
Reproduced with permission from Reference [181]. Copyright 2006, Elsevier Ltd.

Figure 8. a) Conceptual representation of the desired design comprising a
self-similar structure concerning the transportation from micro- to nano-
scale. Shaded areas represent the efficient mixed conducting parts.
b) Sketch of the realistic composite meeting this concept. Reproduced
from Reference [189].

E44
surface area and is beneficial to reduce undesirable solid
electrolyte interface (SEI) layer formation, which contributes to
an increased rate capability.[188] Although these 3D macroporous
materials possess a large specific energy and specific power, an
inherent disadvantage is their low volumetric energy density
because of the high porosity of the structure.

Guo et al. proposed an optimized nanostructure design of
electrode materials for LIBs with high power and high energy
density (Fig. 8). The nanoscopic network structure is composed of
a dense net of metalized mesopores that allow both Liþ and e� to
migrate. This network, with a mesh size of about 10 nm, is
superimposed by a similar net on the microscale, formed by the
composite of mesoporous particles and conductive admixture. A
mesoporous TiO2:RuO2 nanocomposite was prepared following
the above design strategy. A charge capacity of �214mAh g�1

was obtained at 0.2C after 20 cycles, and it was lowered to 190,
147, 125, and 91mAh g�1 at 1, 5, 10, and 30C, respectively. These
performances at such high rates are much better than that of
commercial TiO2, TiO2-B nanowires, or nanosized anatase and
rutile TiO2. The nanosized network is the key to the extremely
good power performance because it provides negligible diffusion
time, enhanced local conductivity, and possibly faster phase
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, E28–E62
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Figure 9. A schematic illustration of four types of micro-/nanoscale hybrid
electrode materials. a) Nanoscale materials encapsulated in a microscale
hollow structure. b) A microscale active material with a nanostructured
coating layer. c) Nanoscale active materials uniformly dispersed and
confined in a microscale matrix. d) Mixture of microscale active material
and 1D nanostructures that form a conductive network.
transfer reactions, and the microscopic network guarantees high
absolute capacity, ease of fabrication, and quick infiltration.[189]

In addition to carbon,[187–190] porous Si,[191] b-MnO2,
[192]

Li1þxMn2–xO4,
[193] and LiCoO2

[194] electrode materials were also
reported. In these cases, the poresmay contribute both to alleviate
volume changes during Li insertion/deinsertion and to shorten
ion-diffusion length. As an example, Jiao et al. reported an
ordered mesoporous Li1þxMn2–xO4 spinel material for the
positive electrode of LIBs. This mesoporous material shows an
improved capacity retention compared with bulk materials. At
30C, its capacity retention is 50% higher than that of the
equivalent bulk phase. The improved cycling performance is due
to the nanometer-sized walls better accommodating the strain of
cubic/tetragonal phase transformation and the superior rate
capability is mainly attributed to the higher surface area in contact
with the electrolyte and the thin walls resulting in a short
ion-diffusion length.[193]

1D Porous Structure: Another category of porous materials
is a 1D material with modified pore structure. These materials
show unique structural features such as numerous active
sites for charge transfer reaction, a short diffusion pathway
for both Li ions and electrons, and a reasonable electrical
conductivity provided by the good contact between neighboring
nanostructures.[195] Porous TiO2 nanotubes,[196] CNFs,[195] and
CNF@CNTs[197] are examples. Wang et al. prepared TiO2

nanotubes with mesoporous walls using an anodic Al2O3

membrane as a template. It was found that well-defined
mesopores in the nanotube walls are packed in a hexagonal
manner. The mesoporous TiO2 nanotubes show a good cycling
performance up to 100 cycles, with capacities of 162, 120, and
105mAh g�1 obtained at the 100th discharge for current densities
of 1, 10, and 40A g�1, respectively. The 3D network structure of the
mesoporous TiO2 nanotubes provides both electron and Li-ion
pathways that are essential for a high rate rechargeable LIB.[196]

Selective incorporation of foreign carbons into CNTs could
improve the spatial occupancy inside CNT channels in a
controlled manner, thereby providing a potential way to optimize
their porosity for various applications.[197] Zhang et al. synthe-
sized CNT-encapsulated CNFs (CNFs@CNTs) via selective
deposition of Co nanoparticles on the inner surface of CNTs
followed by growth of CNFs by means of CVD. The specific
surface area and the pore volume increased from 82m2 g�1 and
0.17 cm3 g�1 to 347m2 g�1 and 0.61 cm3 g�1 after the growth of
CNFs inside the CNTs. The CNFs@CNTs electrode shows a
superior rate capability and cycling performance compared to the
pristine CNTs, which is ascribed to the steric hindrance effect of
the resulting compact structure that suppresses the diffusion of
big electrolyte molecules through wall defects.[197]

3.3.4. Combination of Micro-/Nanostructures

The rapidly developing nanomaterials show enhanced charge/
discharge kinetics and high Li storage capacity when serving as
electrodes of LIBs. However, these nanomaterials suffer from low
thermodynamic stability, surface side-reactions, and high
cost.[198] Therefore, designing and fabricating micro-/nanoscale
hybrid materials to take advantage and restrain shortcomings of
micro-/nanocomponents are an important trend for developing
high performance LIBs. According to how nanomaterials and
Adv. Mater. 2010, 22, E28–E62 � 2010 WILEY-VCH Verlag Gm
micromaterials are combined, the micro-/nanoscale hybrid
materials can be sorted into nanoscale materials encapsulated
by a microscale shell, microscale active materials with a
nanostructured coating layer, nanoscale active materials uni-
formly dispersed and confined in a microscale matrix, and
random mixtures of 1D nanostructures in microscale active
materials, as shown in Figure 9.

Nanoscale Materials Encapsulated into aMicroscale Shell: For this
category, the encapsulated materials are usually nanoscale
particles with a high Li storage capacity and the outer shell is
a thin conductive layer (such as carbon). The conductive shell can
stabilize the nanoparticles against agglomeration and keep
electrically connected to other grains. The existence of a large
internal surface and a large cavity to encapsulate nanoparticles is
essential. Even in the event of nanoparticle detachment from the
internal surface of the shell, the encapsulated particles can be
captured by other parts of the same surface and immobilized
again. As a result, this kind of materials shows a superior rate
capability and cycling performance.[199]

Wang et al. prepared SnO2 nanoparticles encapsulated in
crystalline carbon hollow spheres by microwave-assisted hydro-
lysis.[200] The SnO2 nanoparticles were 1–3 nm in diameter, while
the diameter of the carbon sphere was about 650 nm and the
thickness of the carbon layer was about 50 nm. For the hybrid
material containing 25.6wt% SnO2, the initial specific capacity is
468mAh g�1 and 91.4% of this capacity could be retained after
60 cycles, showing a notable improvement over the reported
results for Sn-encapsulated amorphous carbon hollow
spheres[199] and SnO2-decorated 3D macroporous carbon.[187]

Deng et al. prepared a hollow core/shell structure where both the
core and the shell were aggregates of crystalline SnO2
bH & Co. KGaA, Weinheim E45
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nanoparticles with a mean diameter of 11 nm.[201] The spheres
were 1–3mm in overall dimension, the thickness of the shell was
about 200 nm, and there were well-discerned hollow interiors
between the core and the shell. These hollow spheres show a high
first discharge capacity of 1303mAh g�1. After 30 cycles at a rate
of 100mA g�1, the retained capacity is still comparable to the
theoretical capacity of SnO2. Fan et al. prepared an ordered,
nanostructured tin-based oxide/carbon composite, where SnO2

nanoparticles were loaded into the channels of CMK-3 ordered
mesoporous carbon. This material shows a first charge capacity of
1347mAh g�1 and a capacity retention of 42.8%, much higher
than those of nanosized SnO2.

[202]

Microscale Active Material with a Nanostructured Coating Layer:
In this case, the functions of the nanoscale coating layer are
summarized as preventing the exfoliation of the inner active
material, enhancing the conductivity of the electrode material,
and decreasing the irreversible capacity. The composition of a
coating layer can be carbon, a conductive polymer, amorphous
silicon, and so on. Zhang et al. coated natural graphite spheres
with pyrolytic carbon by thermal decomposition of acetylene at
900 8C and the thickness of the pyrolytic carbon layer was about
250 nm. The first Coulombic efficiency and the reversible capacity
after 15 cycles of the coated natural graphite were 88% and
320mAh g�1, compared to 80% and 200mAh g�1 for those of the
original natural graphite spheres. The remarkably improved
electrochemical performance of the coated natural graphite
spheres are attributed to the uniformly coated carbon layer and its
subsequent functions of lowering the specific surface area of the
material, inhibiting the formation of internal SEI film along the
cracks, and forming a thin and compact SEI film on the outer
surface of the coated natural graphite spheres.[203] Zhang et al.
further studied the influence of the carbonization procedure on
the structure and electrochemical properties of poly(vinyl
carbonate) (PVC)-coated natural graphite spheres. The morphol-
ogy, specific surface area, pore size distribution, and electro-
chemical performance of the materials are closely related to the
carbonization procedures. Under an optimized carbonization
condition, the carbon coating layer is uniform and the resulted
material shows desirable electrochemical properties superior to
commercial MCMBs. The improved performance is mainly
ascribed to the proper coating effect and the lowered impedance
of SEI film and charge transfer.[204] Hu et al. prepared a
RuO2�C�LiFePO4 composite where RuO2 nanoparticles with a
size of about 5 nm were directly deposited on the surface of
LiFePO4. As a result, incomplete carbon network parts are
repaired by the nanometer-sized RuO2. Specific reversible
capacities of 124 and 93mAh g�1 were obtained at 2C and
10C, respectively, whereas the corresponding values for the
sample without RuO2 coating were 105mAh g�1 (2C) and only
2mAh g�1 (10C). The improved kinetics and rate capability of the
composite are attributed to the interconnection effect of the
nanometer-sized RuO2.

[205] Xie et al. reported a core/shell
composite that consists of a spherical LiFePO4 structure coated by
a p-bond character conductive planar polymer (polyacene, PAS).
The composite can deliver a specific capacity of 126mAh g�1 after
250 cycles at 1C. Even at a high rate of 5C, the capacity still
maintains 92mAh g�1 after 500 cycles. Since individual LiFePO4

particles are connected with the PAS network that has a high
electrical conductivity, the active LiFePO4 material can be fully
� 2010 WILEY-VCH Verlag Gm
utilized for Li extraction and insertion reactions.[206] Obrovac et al.
proposed a cyclingmethod in which crystalline Si can be used as a
practical anode material. The principle of the cycling method is
that the crystalline Si is partially converted to amorphous Si in situ
under conditioned cycling so that an amorphous Si shell
surrounding the crystalline Si core is formed. This core/shell
structured Si shows good Coulombic efficiency and little
over-lithiation during the followed normal cycling.[207]

Nanoscale Active Materials Uniformly Dispersed and Confined in a
Microscale Matrix: Much attention has been focused on novel
anode materials that may provide high capacity and hence a high
energy storage density. Li-alloying elements such as Si, Sn, Al,
and Sb are able to store Liþ in a high capacity, but large volume
changes accompanied with the insertion and extraction of Liþ

lead to severe internal stress, exfoliation of the activematerial, and
rapid fading of the capacity. An approach to solving this problem
is to prepare composites, where Si or other metals are finely
dispersed in a conductive matrix. Carbon is an ideal matrix for
this application because of its small volume expansion, good
electrical conductivity, and desirable ionic conductivity. The
embedded and confined materials in a carbon matrix include
Si,[208,209] Si@SiOx,

[210] Sn,[211,212] Co3O4,
[213] SnO2,

[142] P,[214]

and so on.
Saint et al. prepared a Si�C composite by the pyrolysis of

an intimate mixture of PVC and Si powder. A capacity of
�1000mAh g�1 was retained after 20 cycles, significantly higher
than that of bare Si particles. It is proposed that the carbon matrix
induced pressure and the accompanying improved electrical
connectivity are the key parameters accounting for the improved
cycling performance of Si particles.[208] Derrien[211] et al. and
Hassoun[212] et al. reported Sn�C composites, where sphere-like
tin particles with sizes ranging from 10 to 50 nm were highly
dispersed and confined within a carbon matrix (Fig. 10a). The
Sn�C electrode delivered a reversible and stable capacity of
500mAh g�1, which remains stable over more than 200 cycles at
0.8C. An excellent rate capability of the composite is demon-
strated: at 5C, the electrode can deliver 40% of its total capacity
(Fig. 10b). The unique structure of the Sn�C composite, where
Sn nanoparticles are confined within a protective carbon matrix,
is responsible for the enhanced electrochemical property and
desirable structural stability, and the carbon matrix not only acts
as a buffer to relieve the strain associated with the volume
variation but also prevents the aggregation of the tin particles
upon cycling.

Zhi et al. reported a Co3O4�C composite containing �10wt%
carbon and �90wt% nanosized Co3O4. The nanosized Co3O4

nanoparticles were homogeneously dispersed in the carbon
matrix, which acts as a structural buffer for the large volume
expansion during Li insertion, enabling good electrical contact
among the nanoparticles upon cycling. In addition, the SEI
formation on carbon is much more stable than on Co3O4, which
also ensures the structural stability upon cycling.[213] Kim et al.
reported a nanosized Ca3Co4O9 anode material for LIBs. Li
insertion reaction results in the formation of an active/inactive
nanocomposite composed of highly dispersed Co nanoclusters
embedded in a pseudoamorphous Li2O�CaO matrix. This
nanocomposite electrode, which contains an inactive CaO
matrix, shows an improved cycling performance and rate
capability.[215]
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, E28–E62



R
E
V
IE

W

www.MaterialsViews.com
www.advmat.de

Figure 10. a) TEM image of the Sn�C composite material. b) Cycling
response at various rates of the Sn�C composite electrode in an electro-
chemical cell having Li metal as a counter electrode and a LiPF6 EC:DMC
electrolyte. Reproduced from Reference [211].
Microscale Active Materials within a 1D Nanostructured
Conductive Network: The conductivity of an electrode is closely
related to the high rate and cycling performances of LIBs. In
commercial LIBs, carbon black powders are employed as an
electric conductive additive. 1D nanowires, nanotubes, or
nanofibers have obvious advantages over the spherical carbon
black particles in forming conductive networks in electrodes.
With the improvement of synthesis techniques for making 1D
nanostructures, their application as an additive in LIB electrodes
has become practical. Among them, CNTs and CNFs are most
widely used for this purpose.

Endo et al. first reported that by adding graphitized CNFs into
graphite anode as conductive filler the cycling performance of the
carbon anode could be improved significantly. It is considered
that the addition of CNFs improves the conductivity of the anode
and imparts other desirable properties that enhance the
performance of LIBs, such as the ability to absorb and retain
significant electrolyte and to provide resiliency and compressi-
bility to the electrode structure.[216]

Zhang et al. prepared a composite anode material of Si/
graphite/MWCNTs for LIBs by ball-milling. The Si particles are
embedded into the lamellar structures of flaked graphite particles
and further tightly wrapped by a MWCNT network. After 20
charge/discharge cycles, a discharge capacity of 584mAh g�1 was
obtained, much higher than that of a Si/graphite composite and
Adv. Mater. 2010, 22, E28–E62 � 2010 WILEY-VCH Verlag Gm
pure Si. The improved overall discharge capacity and cyclability of
the Si/graphite/MWCNT composite anode material is mainly
attributed to the excellent resiliency and good electrical
conductivity of the MWCNT network.[217]

Lee et al. reported an amorphous LiFePO4 (a-LiFePO4)/
SWCNT hybrid material as the cathode of LIBs. Two genes with
peptide groups having affinity for SWCNTs on one end and
peptides capable of nucleating a-LiFePO4 were used to make a
connection between a-LiFePO4 nanoparticles and SWCNTs to
form a percolating network. The two-gene-system hybridmaterial
shows electrochemical properties comparable to that of crystal-
line LiFePO4 and an excellent capacity retention upon cycling
at 1C.[218]

Chen et al. reported a free-standing integrated CNT/carbon
layer (CL) paper, which is composed of a dense CL with a
thickness of less than 1mm and a highly porous 3D structured
CNTnetwork grown on the CL. This material shows a significant
and fully reversible capacity of 572mAh g�1 after 100 cycles,
much higher than that of CNTs reported previously. The high
capacity obtained can be attributed to its novel, highly porous 3D
nanostructure, whilst themechanical robustness of the integrated
layer provides stability for cycling.[219]

3.3.5. Modification of Surface Structure and Composition

The surface of electrode materials is an important factor
influencing the performance of LIBs[220] because the structure
of the SEI film formed in the first charge is largely determined by
the interaction between the surface of the electrode and the
electrolyte. A desirable surface structure leads to a uniform and
compact SEI film that may enhance the efficiency and cycling
performance of LIBs. Thus, modification of the composition and
surface structure of electrode materials provides opportunities in
controlling SEI film formation, ameliorating Li motion, and the
relative redox process, thus improving the rate capability and
capacity of LIBs.

Pan et al. modified the surface structure of natural graphite by
covalently attaching a nitrophenyl multilayer via diazonium
chemistry. The modified graphite anode keeps at least 98% of its
initial capacity after 30 cycles. The presence of the nitrophenyl
multilayer reduces the exposed surface edges to the electrolyte
due to the shielding effect and results in a more conductive and
thinner SEI film. This compact and uniform SEI film formed on
the modified graphite is favorable to the reversible intercalation
and deintercalation of Li ions.[221]

Park et al. modified the electrochemical properties of Li4Ti5O12

by annealing in a NH3 atmosphere. The Li4Ti5O12 after
nitridation shows a much better rate capability and the capacity
of the nitridated Li4Ti5O12 is about 6 times that of the pristine
sample at 10C. The ammonia gas decomposes on the surface of
Li4Ti5O12 to form conductive TiN and Li2CO3 without changing
the bulk lattice parameters, and it may also modify the surface
structure in a way to accommodate Li insertion and extraction.[222]

Sun et al. synthesized vanadium oxide nanorolls with different
microstructures, and some are highly ordered near-perfect rolls,
while others contain more surface defects and have a larger
interlayer spacing. The defect-rich material shows a higher
capacity and better cyclability. It is proposed that the increased
capacity is related to the additional redox sites resulting from the
bH & Co. KGaA, Weinheim E47
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Figure 11. Schematic of morphological changes that occur in Si during
electrochemical cycling. a) Si films and particles tend to pulverize during
cycling due to the volume change. b) Si nanowires grown directly on the
current collector do not pulverize or break into smaller particles after
cycling. Reproduced with permission from Reference [227]. Copyright
2008, Nature Publishing Group.

Figure 12. a) Schematic representation of the desired design based on an
efficient mixed-conducting network. b) Typical TEM image of the V2O5/
CTIT nanocomposites showing that most of the V2O5 nanoparticles are
encapsulated within CTIT. The V2O5 nanoparticles are indicated by red
arrows and CTIT by black arrows. Reproduced from Reference [232].
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atomic-scale disorder and that the better cycling life is associated
with the enhanced accessibility of Li ions to the nanorolls due to
the defects. The results suggest that perfectly ordered materials
may not be the ideal structure for electrochemical applications
due to the limited ion diffusion rate. These defect-rich vanadium
oxide nanorolls represent a combination of highly accessible
nanoscale architecture and atomic scale disorder that lead to
desirable electrochemical properties.[223]

Kang et al. performed ab initio computational modeling and
identified that low-valent transition-metal cations and low strain
in the activated state are effective for increasing the rate capability
of layered cathode materials. Following this principle, they
experimentally prepared a well-layered Li(Ni0.5Mn0.5)O2 material
by ion exchange (IE) of Li for Na in Na(Ni0.5Mn0.5)O2. Compared
with the Li(Ni0.5Mn0.5)O2 material obtained by the conventional
solid-state (SS) reaction method, the IE Li(Ni0.5Mn0.5)O2 shows a
much lower Li�Ni exchange ratio and thus a larger slab space and
lower activation energy for Li motion, and retains a much higher
capacity at high rates than the SS Li(Ni0.5Mn0.5)O2. Even at 6C
(one charge of 280mAh g�1 in 10min), the IE Li(Ni0.5Mn0.5)O2

delivers a discharge capacity of 183mAh g�1, much higher than
that of SS Li(Ni0.5Mn0.5)O2.

[224] In addition, some other
cathode materials with modified compositions, such as
LiNi0.5þdMn0.5–dO2

[225] and A2FePO4F (A¼Na, Li)[226] also show
improved performance.

3.3.6. Enhanced Contact Between Active Electrode Materials and

Current Collectors

Normally, active electrodematerials are coated on current collectors.
Upon long period cycling, loosening and desquamation of the active
materials may occur, leading to degradation in capacity and rate
capability of the battery. Enhancing the connection and contact
between electrodematerials and current collectors is important and
has been realized by in situ growth of 1D nanostructured electrode
materials on current collectors. The advantages of this strategy are
as follows: each 1D active material is connected directly to the
current collector so that all of them contribute to the capacity; the 1D
nanostructure provides a direct pass for efficient charge transport;
since every 1D active material is well-connected to the curren-
t-carrying electrode, the need for binders or conducting additives,
which add extra weight, is eliminated.[227]

Taberna et al. prepared a Fe3O4-based Cu nanoarchitectured
electrode for LIBs by a two-step electrode fabrication process.
Firstly, a 3D array of copper nanorods with a uniform diameter of
200 nm and length of 1.8mm was grown onto a copper foil by
electrodeposition through a porous anodic alumina membrane,
after which the anodic alumina template was eliminated and a
layer of magnetite was electrodeposited onto the surface of each
Cu nanorod by cathodic reduction of a Fe(III) chelate precursor.
The nanoarchitectured electrode can recover 80% of their total
capacity at 8C. Furthermore, the cells retain the full capacity after
many cycles at high rates, indicative of the chemical/mechanical
robustness of the electrode.[228] The same group also reported an
electrode based on Ni3Sn4 nanoparticles deposited on Cu
nanorod arrays that displays excellent cyclability and rate
capability.[229]

Chan et al. prepared Si nanowires grown directly on a metallic
current collector (Fig. 11). Both charge and discharge capacities
� 2010 WILEY-VCH Verlag Gm
keep nearly constant during the 2nd to the 10th cycles. These Si
nanowires display a high capacity at higher currents: at C/5, the
capacity of the Si nanowires is stable at 3500mAh g�1 for 20
cycles.[227] Similarly, Ge nanowires[230] and a Co3O4 nanowire
array[231] connecting directly to current collectors were also
demonstrated.

Hu et al. proposed a nanoarchitectured electrode composed of
an efficient mixed-conducting network, in which a carbon
tube-in-tube (CTIT) serves as an ‘‘electronic wire’’ that provides
electrons to the active material and the specifically designed tube
diameter allows for easy electrolyte access (Fig. 12). This concept
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, E28–E62
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was realized by the synthesis of V2O5/CTIT nanocomposites,
where a total reversible capacity of 280mAh g�1 in the voltage
range of 2.0–4.0 V was obtained at C/2.5 and a specific charge
capacity of 265mAh g�1 with a Coulombic efficiency of nearly
100% was achieved after 20 cycles.[232]

Except for the above strategies for obtaining advanced electrode
materials, other novel electrode materials with promising
electrochemical properties are also emerging. For example,
Armand et al. reported organic salts of Li2C8H4O4 and Li2C6H4O4

with carboxylate groups conjugated within the molecular core,
showing reversible capacities of 300 and 150mAh g�1. These
materials show an enhanced thermal stability over carbon
electrodes in 1M LiPF6 ethylene carbonate (EC)–dimethyl
carbonate (DMC) electrolytes and hence may result in safer LIBs.
The authors pointed out that the conjugated carboxylate family
offers numerous chemical options to further adjust the redox
potential and the capacity, and that the field of organics provides
many opportunities to design negative electrodes with a suitable
redox potential versus Liþ/Li0, presenting limited reactivity with
electrolyte in their discharged state and further enabling the use
of Al current collectors.[233] Oumellal et al. reported that metal
hydrides, such as MgH2, can be promising candidates for
negative electrodes in LIBs with the advantages of a high
capacity in a safe potential window of 0.1–0.5 V versus Liþ/Li0

and showing the lowest polarization ever reported for conversion
reaction electrodes.[234] Yoo et al. reported the electrochemical
properties of graphene nanosheets and those incorporated
with CNTs and C60.

[235] We can see that Li-containing
organic salts and novel nanostructured materials provide new
opportunities in designing and developing advanced electrodes of
LIBs.
3.4. Summary

As reviewed above, many electrode materials with desirable
electrochemical properties have been designed and prepared.
These materials are characterized by larger Li storage capacity,
better cycling performance, and higher rate capability. The
strategies for obtaining these materials and their characteristics
are summarized in Table 1. We can understand that by using
nanostructured materials, the Li-ion diffusion length is reduced
and the inner stress can be alleviated and thus better rate
capability and cyclability can be expected. Through configuration
design, electrode materials with hollow structures can accom-
modate large volume changes during the charge/discharge
process, and the hollow structures may provide extra space for
Li-ion storage. For urchin-like materials, a conductive network is
formed by connecting their extruding spines and therefore their
cycling performance and rate capability are improved. The
materials with optimized pore structures provide enhanced
electrode/electrolyte contact and shorter Li-ion diffusion length,
and hence show high power performance. By combining
microscale and nanoscale materials, it is possible to capitalize
on advantages and restrain shortcomings of the two components.
The functions that are difficult to achieve by a single-phase
material can be realized via the structural design and optimiza-
tion of a composite material. Study of the effect of composition
and microstructure of an electrode material on their
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electrochemical performance both theoretically and experimen-
tally is important for searching for practical advanced electrodes
of LIBs. Modification of the surface structure of electrode
materials can improve compatibility with electrolytes, enrich
redox sites, and enhance the surface conductivity, which lead to
good electrochemical performance. Growth of active materials
directly on a current collector remarkably enhances the electrical
conductivity and the bonding of the components, and thus leads
to improved rate capability and cycling performance. Along with
the notable advantages, these subtly designed electrode materials
also show shortcomings, such as a large irreversible capacity in
the first cycle, complex synthesis processes, and a relatively high
cost. Few of these materials have practical applications until now.
Further investigations on improving overall performance and
accelerating practical use are needed. Moreover, although rarely
mentioned in this Review, the compatibility of anode materials,
cathode materials, electrolytes, and separators is also greatly
important.
4. Advanced Materials for Supercapacitors

4.1. Introduction to Supercapacitors

A supercapacitor, also known as an ultracapacitor, is an
electrochemical energy storage device with a much larger
capacity than conventional physical capacitors, and its char-
ging/discharging rate capability is much higher than primary/
secondary batteries. Supercapacitors are environmentally
friendly, of high safety, and can be operated in a wide temperature
range with a near-infinite long cycling life. Thus, supercapacitors
show potential applications in communication, transportation,
electronics, and aviation. For example, they can be used as
uninterruptible power supplies (back-up supplies used to protect
against power disruption) and load-levelers (backup power for
memories, microcomputers, clocks, system boards, etc.). In
combination with fuel cells or batteries, supercapacitors are
anticipated to be used for powering HEVs and EVs, in particular,
if the energy density of supercapacitors can be further improved
while keeping their high power density unchanged.

A supercapacitor has two electrodes immersed in an electrolyte
with a separator between the electrodes. The energy stored in
supercapacitors is expressed by E¼ l/2 CV2, where C is the
capacitance and V the potential across the electrodes. A
supercapacitor that consists of two electrodes with a capacitance
C has a net capacitance of C/2. In aqueous electrolytes (KOH,
H2SO4, salt, etc.), supercapacitors have an operating voltage of
about 1V limited by the electrochemical decomposition of water,
whereas organic-electrolyte-based supercapacitors can be oper-
ated in a voltage range of 2.5 to 3.5 V. An even higher voltage of up
to 4.0 V can be achieved for recent ionic-liquid-based super-
capacitors. Although organic-electrolyte-based supercapacitors
can store a high overall energy, since the electronic conductivity of
organic electrolytes is very low (about 100 times lower than
aqueous electrolytes), their power density is usually lower than
that of aqueous electrolyte-based supercapacitors.

The working principles of a supercapacitor include an electric
double layer (EDL) charge storage mode and a pseudo-capacitive
bH & Co. KGaA, Weinheim E49
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Table 1. A summary of the strategies for obtaining advanced LIB electrode materials and their characteristics (note: NP¼nanoparticle, NT¼nanotube,
NW¼ nanowire, NR¼ nanorod).

Strategies Advantages Working principle Typical examples Remarks

Nanostructuring LD materials High capacity and

high rate capability

Small dimension

and high surface area

enhance Li-ion

diffusion; the stress

caused by volume change

can be alleviated.

TiO2 NP,[135] LiMn2O4 NW[148]

and NR,[150] porous

Co3O4 NT,[152] needle-like

Co3O4 NT,[153] nickel silicide

nanosheet and nanobelt,[155]

a-Fe2O3 nanoflake
[157]

The large surface area of

nanomaterials usually

leads to a high irreversible

discharge capacity in the

first cycle; agglomeration

of nanomaterials may lead

to a performance fading.Core/shell

nanostructures

Good cycling

performance,

high rate capability

The core part is

usually an

active material,

while the shell layer

functions by

enhancing the electrical

conductivity, preventing

active material from

aggregation, and buffering

the inner stress.

C-coated Fe3O4 nanospindle,
[158]

amorphous C-coated Sn NP,[159]

C-coated LiFePO4 NP[160] SnO2/C

coaxial NT,[164] crystalline/

amorphous core/shell Si NW,[166]

Sn78Ge22@C NW,[167]

mesoporous Si@C

core/shell NW[168]

Design of

unique

configurations

Hollow

structures

High rate capability,

good cycling

performance

The void space buffers

against the local volume

change; the diffusion

length for Li ions is

shortened.

Nest-like Si nanosphere,[172] TiO2

hollow particle,[174] VOOH hollow

dandelion sphere,[177]

Li2O-CuO-SnO2 hollow porous

sphere,[180] SnO2 hollow

spheres[236,237]

The volumetric energy

density may be lowered

due to the hollow structured

electrode materials.

Urchin-like

structures

Good cycling

performance

The spines of the

urchins form a

conductive network,

and hence improve the

conductivity and

structural stability of

the electrode.

Graphite sphere/CNF urchins,[181]

hard carbon sphere/CNT urchin,[182]

a-MnO2 hollow urchins,[183]

CuO urchins[184]

More efficient synthesis

techniques are needed.

Pore structure

optimization

Good cycling

performance and

high rate capability

The optimized pore

structure leads

to short ion diffusion

length, enhanced

conductivity, and

buffering effect

to the stress.

SnO2/3D ordered macroporous C

monolith,[187] 3D porous C/C

composite,[188] mesoporous

TiO2:RuO2,
[189] 3D porous Si,[191]

mesoporous b-MnO2
[192], porous

CNF,[195] TiO2 NT,[196] CNFs@CNT[197]

The volumetric energy

density and first coulombic

efficiency need to be

improved.

Combination

of micro-/

nanostructures

Nanoparticles

encapsulated

with a microscale

shell

Good cycling

performance

The shell enhances

the electrical

connection of the

materials and

prevents the

aggregation of the

nanoparticles.

SnO2@C shell,[200] SnO2

NP@SnO2 shell,
[201] SnO2

NP@mesoporous C[202]

The size and thickness of

the shell is closely related

to the performance of

the electrode.

Micromaterial with

a nanostructured

coating layer

Desirable cycling

performance and

rate capability

The covering layer

can enhance the

conductivity and

prevent the active

material from

exfoliation.

Natural graphite/pyrolytic

C,[204] RuO2/C/LiFePO4Li,
[205]

crystalline Si/amorphous Si[207]

The formation of a

uniform and proper

coating layer is important.

Nanoparticles

confined in a

microscale matrix

Desirable cycling

performance and

rate capability

Carbon matrix acts

as a buffer to

relieve the strain,

prevents aggregation

of the nanoparticles,

and enhances

the conductivity.

Si/C composite,[208,209] Sn/C

composite,[211,212] Co3O4/C

composite[213], black P/C

composite[214]

The capacity is tunable

by changing the content

ratio of active material

to matrix.
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Figure 13. The working principle of supercapacitors. a) Electric double layer, b) redox reaction on surface, and c) redox reaction in bulk.

Table 1. Continued

Strategies Advantages Working principle Typical examples Remarks

Microscale

material

mixed with 1D

nanostructure

High rate capability,

better cycling

performance

The 1D nanostructure provides

a conductive network and

mechanical robustness.

Si/graphite/CNT,[217]

a-LiFePO4/SWCNT,[218]

Sn/C/CNT[238]

A uniform dispersion

and desirable content

of the 1D nanostructure

is crucial.

Composition

optimization

Desirable rate capability

and capacity

Optimized composition and

microstructure lead to

low-strain volume change

and enhanced Li-ion diffusion

capability.

Li(Ni0.5Mn0.5)O2 by ion

exchanging,[224]

LiNi0.5þdMn0.5–dO2,
[225]

A2FePO4F (A¼Na, Li)[226]

Exploring novel electrode

materials under the

guidance of theoretical

calculations will be

attractive.

Surface

modification

High capacity, good rate

capability and improved

coulombic efficiency

A compact and uniform SEI

film and a conductive

surface layer can be formed.

Chemically surface-modified

graphite,[221] nitridated Li4Ti5O12
[222]

Control and stability

of the modified surface

structure is important.

Enhancing

contact between

electrode materials

and current

collectors

High rate capability,

desirable cycling

performance

Direct growth of nanostructures

on current collectors enables

efficient charge transport,

and the exfoliation of the

active material can be

avoided.

Si/Ge NW on stainless

steel,[227,230] Fe3O4/Ni3Sn4

based Cu nano-architecture,[228,229]

Co3O4 NW on Ti foil[231]

The synthesis process

is relatively complex;

techniques for

large-scale preparation

are needed.

Exploration of novel

electrode materials

Good thermal

stability, high

capacity, low

polarization

— Organic salts of Li2C8H4O4 and

Li2C6H4O4,
[233] MgH2,

[234]

graphene[235]

The overall performance

needs further investigation
charge storage mode (Fig. 13). The former, similar to a physical
dielectric capacitor, is an electrostatic process (Fig. 13a), and the
latter, consisting of two kinds of mechanisms (surface process
(Fig. 13b) and bulk process (Fig. 13c)), is a pure electrochemical
process.[239] An EDL supercapacitor shares a similar principle
with a dielectric capacitor, where polarization/depolarization
takes place at the electrode surface. The major difference is that
the insulating barrier in a dielectric capacitor is replaced by
electrolytes in a supercapacitor.[239] The compartment of an EDL
(with a thickness around 1 nm) involves a space charge layer in an
electrode (usually highly porous carbon), a compact Helmholtz
layer, and a diffusive layer in an electrolyte. Since the electric
energy in an EDL is stored in aggregated charges at the surface of
electrode materials, which is proportional to the electrode surface
area, electrode materials essentially have a large pore volume
and high surface area. Pseudocapacitive charge storage
Adv. Mater. 2010, 22, E28–E62 � 2010 WILEY-VCH Verlag Gm
fundamentally relies on redox reactions between electrode
materials and electrolyte ions. The electric energy is generated
by fast Faradaic redox reaction, which produces pseudocapaci-
tance. Depending on the location of these redox reactions, the
pseudocapacitive charge storage can be catalogued into surface
charge storage and bulk charge storage. The specific capacitance
per unit surface area (Cs) of EDL in porous carbon is in the order
of 0.1 to 0.2 F m�2, while the Cs of pseudocapacitance is in the
order of 1 to 5 F m�2.

The performance of supercapacitors is mainly determined by
the electrochemical activity and kinetic feature of the electrodes.
To improve the power density of supercapacitors, it is crucial to
enhance the kinetics of ion and electron transport in electrodes
and at the electrode/electrolyte interface. Therefore, electrodes
with proper pore structure and good electrical conductivity are
highly desirable. On the other hand, by optimizing the structure
bH & Co. KGaA, Weinheim E51
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of electrode materials and designing energy storage devices
according to energy storage mechanisms, the energy density of
supercapacitors can be increased.

4.2. Electrode Materials for Supercapacitors

Electrode materials for supercapacitors mainly include carbon,
metal oxides, and conducting polymers, which generate
three categories of capacitors: EDL capacitors (EDLCs) based
on carbon materials, pseudocapacitors (PCs) based on either
transition metal oxides or conducting polymers, and hybrid
capacitors (HCs) based on carbon and oxides or polymers.
EDLCs are non-Faradaic, PCs are Faradaic, and HCs are a
combination of both Faradaic and non-Faradaic reactions. HCs
combine two different types of electrodes, operating on the
same or different electrochemical mechanisms, which include
composite and asymmetric HCs. Composite HCs employ a
double-layer-type electrode against a pseudocapacitance elec-
trode, such as carbon–MnO2

[240] and LiCoO2–Li4Ti5O12.
[241]

Asymmetric HCs combine a battery-type electrode (Faradaic in
nature) with an EDL electrode (Faradaic/non-Faradaic), for
example, Li4Ti5O12–ACs.

[242]

Carbon materials are widely utilized for electrode materials in
supercapacitors due to their easy accessibility, good processing
ability, large surface area/porosity, low electrical resistivity, robust
surface chemical environment, physicochemical stability, and low
cost. The energy storage in carbon materials is mainly due to the
electric charges stored across the electrode/electrolyte interface.
The typical capacitance of carbon materials is 50–200 F g�1 in
aqueous electrolytes, 30–100 F g�1 in organic electrolytes and
20–70 F g�1 in ionic liquids. The carbon materials used include
activated carbons (ACs), CNTs, graphene, CNFs, carbon aerogels,
ordered mesoporous carbons (OMCs), hierarchical porous
carbons (HPCs), and so on.

The most commonly used electro-active materials in PC
electrodes are metal oxides and conductive polymers, and their
capacitance originates from chemisorption processes or redox
reactions at the electrode/electrolyte interface. Metal oxides can
be divided into two groups: noble metal oxides and cheap metal
oxides. One typical candidate for the former is RuO2, while NiO
and MnO2 are well-known for the latter. The most attractive
superiority of metal oxides to carbon materials is their much
larger capacitance, due to multielectron transfer during fast
Faradaic reactions. RuO2 shows excellent supercapacitive proper-
ties, such as high specific capacitance and very long cycling life,
but unfortunately, the high cost of RuO2 limits its commercial
application. The cheaper metal oxides suffer from poor electrical
conductivity and poor cycling stability, which precludes the highly
desirable performance of these materials. In addition to the above
metal compounds, Ir, Co, Mo, Ti, V, Sn, Fe, and other metal
oxides can also be used as electrodematerials for supercapacitors.
Nitrides (tungsten nitride, titanium nitride, etc.) have very good
pseudocapacitance as well.

Conducting polymers are another kind of electrode materials
capable of delivering Faradaic charge. The applicable conducting
polymers for PCs mainly include polyaniline (PANi), poly(3,4-
ethylenedioxythiophene) (PEDOT), and polypyrrole (PPy).
Similar to oxide materials, the problem of conducting polymers
� 2010 WILEY-VCH Verlag Gm
is their relatively low electrical conductivity and high cost in
comparison with carbon materials.

4.3. Advanced Materials for Supercapacitors
4.3.1. Control and Tailoring of Pore Structure

The pore structure of electrode materials is closely related to ion
and electron transport processes, and therefore is most important
for improving the performance of a supercapacitor. Porous
electrodes for high-performance supercapacitors should meet the
following requirements: sufficient pore volume to store electro-
lytes; suitable ion channel for electrolyte ions to access effectively
and to transport quickly to or from the whole surface of electrode
material; and plentiful chemically active sites to improve the
capacitance. The exact mechanism of ion transport in pores is
very complex, correlating with the tortuosity, connectivity, size
distribution and shape of pores, surface oxygen functional group,
nature of the electrolyte, and solid–liquid interface. Among these
factors, three criteria including pore aspect ratio, pore regularity,
and surface functional group population should be mainly
considered.

Pore aspect ratio is defined as the ratio between the pore length
and the pore size of a porous material.[243] In classical
electrochemistry theory, the ion transport time (t) can be
expressed by the formula t¼ L2/D, where L is ion transport
length and D the ion transport coefficient. It is obvious that the
shorter and the larger the mesopores, the smaller the ion
transport time, and hence the better the ion transport behavior.
Pore regularity reflects the content of pore defects, and the more
the defects the lower the regularity. Since the pore defects
significantly scatter ions, the higher the pore regularity the better
the electrode kinetics.[244] For the OMC with defective pore
channels, the gravimetric capacitance is greatly decayed when the
voltage scan rate is increased.[244] A defect-free ordered
mesoporous system enables electrolyte ions to transport more
efficiently and ultimately enhances its supercapacitor perfor-
mance. In summary, the pore aspect ratio is a geometrical
criterion, combining the synergistic effects of pore length and
pore diameter, which enables the comparison of different porous
electrode materials and guides the design of high-performance
electrode materials. The pore regularity reflects the content of
pore defects. Surface functional groups can enhance the polarity
of pore surfaces and then reduce ion transport resistance. The
above understanding is rationalized by using OMCs with tailored
pore structures and surface chemical properties (boron modifica-
tion and nitric acid oxidation).[245,246] Therefore, it is highly
important to reduce the pore aspect ratio, to keep regular pore
channels, and to improve the hydrophilicity of pore surface, so
that enhanced ion transport performance can be well achieved for
porous electrodes.

Numerous efforts have been devoted to producing tailored
porous carbon materials and ACs, carbon aerogels, OMCs, and
HPCs are the most intensely investigated. ACs are the most
commonly used electrode material in EDLCs because it is
economical and possesses a high surface area. ACs have a
complex porous structure composed of micropores (<2 nm),
mesopores (2–50 nm), and macropores (>50 nm). Although ACs
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, E28–E62



R
E
V
IE

W

www.MaterialsViews.com
www.advmat.de

Figure 14. Illustration of the pore structures of AC (a), mesoporous
carbon (b), and HPC (c). Reproduced from Reference [264].
have a very high specific surface area, not all of their high surface
area contributes to the capacitance dependence on current-
draining rates. For AC-based devices, it is found that larger pore
sizes correlate with higher power density and smaller pore sizes
correlate with higher energy density.[239] As a result, controlling
the pore size distribution of AC electrodes is essential. ACs with
different porous structures can be prepared by either physical or
chemical activationmethods.[247–249] Shi et al. studied the effect of
specific surface area, pore volume, average pore size, and pore
size distribution of ACs on their capacitance.[250] The results
show that the capacitance of ACs is not linearly related with their
surface area and pores with different sizes have different
capacitance per unit surface area, for example, the specific
capacitance of micropores is larger than that of mesopores.
Chmiola et al. prepared a carbide-derived microporous carbon
with narrow and tunable pore size distribution and studied the
effect of pore size on the capacitance of the supercapacitors
constructed from thesemicroporous carbons.[251,252] It was found
that the normalized capacitance decreases with decreasing pore
size until a critical value close to 1 nm is reached, and then sharply
increases when the pore size approaches the size of the electrolyte
ions. The capacitance increase for the sub-nanometer pores
indicates that removing the solvent shell from the ions leads to a
higher energy storage capacity.[253–255]

OMCs have mesoporous channels (4� 6 nm) with lower ion
transport resistance, smaller particle size (1� 2mm), and shorter
diffusion length (0.5� 1mm). Therefore, OMCs display a
superior high power performance compared with ACs.
Mesoporous carbons with high porosity and specific surface
area show good supercapacitor performance.[256,257] In order to
control the pore structures precisely, mesoporous carbons are
usually fabricated by a template method. Fuertes et al. synthe-
sized mesoporous carbons with different pore size distribution
and specific surface areas using silica as a template: the highest
specific surface area reaches 1700m2 g�1 and the capacitance is
200 F g�1.[258] Xing et al. compared the performance of a series of
mesoporous carbons and ACs and found that the mesoporous
carbonmaterials with a larger pore size display better capacity and
rate performance.[259] Therefore, a mesoporous carbon material
with larger pores and enhanced transport performance can be a
promising candidate for high-rate supercapacitors.

Carbon aerogels have a monolithic 3D mesoporous network of
carbon nanoparticles. The pore structure of carbon aerogels is
formed by the accumulation of carbon particles with similar
diameter. Carbon aerogels can be synthesized by pyrolysis of
organic aerogels, and their structure and morphology can be
easily controlled by tuning the precursor gel composition
and pyrolysis temperature. Carbon aerogels obtained from the
carbonization of phenolic resin aerogels[260] show a unique
advantage of a controlled mesoporous structure when used as
the electrode materials of supercapacitors.[261] The superior
electrochemical properties of carbon aerogels can be attributed
to their interconnected pores, homogeneous pore size, high
pore volume, large surface area, and good electrical
conductivity.

However, even the porous texture of OMCs cannot fulfill high
rate (<2 s) applications, where larger mesopores (>10 nm) and
nanometer-scale diffusion distance (<100 nm) are highly
preferred. Song et al.[262] and Lee et al.[263] predicted theoretically
Adv. Mater. 2010, 22, E28–E62 � 2010 WILEY-VCH Verlag Gm
that hierarchical pore structure may lead to a better rate
performance of supercapacitors. The hierarchical porous struc-
ture design is based on the different behaviors of electrolyte in
pores with different sizes. Electrolyte in macropores, which
maintains its bulk phase behavior, can reduce the transport length
of ions inside a porous particle. Electrolyte ions have a smaller
probability to crash against pore walls of large mesopores and
hence reduce ion transport resistance. Macropores and meso-
pores can synergistically minimize the pore aspect ratio, while the
strong electric potential in micropores can effectively trap ions
and enhance the charge storage density. Therefore, combination
of macro-/meso-/micropores can result in high-performance
electrode materials with short ion transport distance, low
resistance, and large charge storage density. A 3D aperiodic
HPC that combines macropores, mesoporous walls, and
micropores with excellent performance was recently designed
and synthesized.[264] The pore structures of AC, mesoporous
carbon, and the HPC are schematically shown for comparison in
Figure 14.

This HPC (Fig. 15) was prepared by using an inorganic
multitemplate method, which is cheap, facile, and scalable. The
macro-/meso-/micropore size distribution, presence of localized
graphitic structure, surface chemical property, and macroscopic
form of HPC can be controlled by adjusting template types,
concentrations, carbonization temperatures, and atmospheres.
The HPC with a conductive localized graphitic structure has fast
electron and ion transport and small equivalent series resistance
(80mV). Its power density can reach 25 kW kg�1 and its energy
density can be increased by using high-voltage electrolytes (10Wh
kg�1 for a 1V electrolyte, 18Wh kg�1 for a 2.3 V electrolyte, and
69Wh kg�1 for a 4V electrolyte at 150 kW kg�1).[265]

4.3.2. Hybridization of Carbon-Based Electrode Materials

Carbon-based electrode materials have long been marked by their
low energy density. The crucial restriction that limits the energy
density of carbon electrodes is the low capacity of charge storage
in EDL. Two general concepts are presently to improve the energy
density of carbon electrodes: increasing the specific surface area
bH & Co. KGaA, Weinheim E53
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Figure 15. a) SEM and TEM images of the synthesized HPC. b) Ragone plot of the HPC in aqueous solution, organic electrolyte, and ionic liquid in
comparison with other typical porous materials reported. Reproduced from Reference. [264,265].
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and implanting pseudocapacitive species on carbon surfaces to
exploit high energy density from these sites. Therefore,
dual-functional hybrid electrodes can be more competitive.
Three types of dual-functional electrodes are designed and
prepared: carbon electrodes modified with surface functional
groups containing oxygen, nitrogen, boron, and/or phosphorus;
carbon electrodes decorated with electrically conducting poly-
mers; and carbon electrodes loaded with metal oxides. The first
type is a molecular-level hybrid electrode, while the latter two are
actually composite materials. These carbon-based materials
provide a capacitive double-layer of charge and also a high-
surface-area backbone that increases the contact between the
deposited pseudocapacitive material and electrolyte.

Among the surface functional groups, oxygen- and nitrogen-
containing groups have been well-studied for years, and the
electrochemical properties of oxygen functional groups and
porous carbon can be modified by doping non-metal heteroatoms
of phosphorus, boron, or nitrogen. Phosphorus can stabilize
oxygen functional groups during electrochemical charging,
improving cycling stability.[266] Boron in the carbon lattice at
low concentrations is able to promote the chemisorption of
oxygen, inducing a more reactive carbon surface.[245] Several
functions and mechanisms of nitrogen-doping have been
proposed, such as an electron donor to attract protons or
enhance charge density of space charge layer,[267–269] strengthen-
ing oxidation/reduction of quinine,[270] and introducing redox
reactions of amine groups.[271] It is also believed that quinine and
hydroquinone groups are major active redox couples for charge
conversion.[272]

Combination of metal oxides or conducting polymers with
highly conductive carbon materials has been studied intensively.
In these composite electrodes, the carbon substrate acts as a
highly porous conducting network that enables a good access of
ions and electrons to the active surfaces of polymers or metal
oxides. Since the morphology and activity of composite electrodes
depend on both the nature of polymers/oxides and preparation
methods, our discussion will focus on the most commonly
studied oxides and polymers, and shed special light on different
fabrication methods. Fischer et al. obtained homogeneous,
nanoscale MnO2 within microporous carbon structures via
self-limiting electroless deposition, which displays a high
area-normalized capacitance of 1.5 F cm�2 as well as a high
� 2010 WILEY-VCH Verlag Gm
volumetric capacitance of 90 F cm�3.[240] The chemical precipita-
tion and sol–gel methods are the most general methods adopted
for the preparation of a carbon/metal oxide composite elec-
trode.[273–276] By using a chemical vapor impregnation method,
Miller et al. prepared a well-dispersed nanostructured Ru/carbon
aerogel composite with good cycling performance and high
energy density.[277] Moreover, driven by the aim of developing
well-defined porous networks, an incipient wetness method was
developed for the formation of 3D porous composite of RuO2/
carbon black,[278] and the 3D porous channels facilitate the
conductivity of the electrode.

Electrochemical and electroless deposition techniques are two
most generally adopted approaches for fabricating conductive
polymer/carbon materials. The electrochemical method aims to
control the deposition quality by altering the solution concentra-
tion, electrode potential, and deposition rate.[279,280] The electro-
less deposition is more sensitively dependent on the pH value of
the solution as well as the surface acidity/basicity of the carbon
substrate.[240] As a representative conducting polymer for
supercapacitors, PANi is generally obtained by oxidative poly-
merization of aniline. Although major available oxidative
polymerization methods are chemical and electrochemical
oxidation, researchers have developed different tricks to control
the structure of PANi/C composite electrode. Ordered whisker-
like growth of PANi on the surface of mesoporous carbon was
subtly realized by Wang et al., and its specific capacitance reaches
1221 F g�1.[281] The V-shaped nano-PANi structure is believed to
facilitate ionic conduction and enable a full ionic access favoring
both higher energy and power densities. By electrochemical
deposition, PANi was deposited on various carbon matrix with
different structures, such as carbon aerogels,[282] HPC mono-
liths,[283] OMCs,[281] macroporous carbon,[284] and graphite
oxide.[285] The combination of a vertically aligned CNT array
framework and electrodeposition technique leads to a tube-
covering-tube nanostructured PANi with hierarchical porous
structure, which shows a high specific capacitance of 1030 F g�1

due to its large surface area and superior conductivity.[286]

4.3.3. Exploration of Novel Carbon Materials

CNTs and graphene are typical 1D and 2D carbon materials,
respectively, which have been attempted as applications for
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, E28–E62



R
E
V
IE

W

www.MaterialsViews.com
www.advmat.de
electrode materials of energy conversion/storage systems, owing
to their excellent integrated electronic, mechanical, and chemical
properties.[287–290]

CNTs have excellent electrical properties and unique pore
structure, which enhance ion transport and electronic conduction
capabilities. Generally, CNTs have specific surface areas in
the range of 120–500m2 g�1. Owing to their moderate high
surface area and large accessiblemesopores, CNTs are considered
to be an attractive electrode material of supercapacitors. CNT
electrodes also have a lower equivalent series resistance (ESR)
than ACs because electrolyte ions can more easily diffuse into the
mesoporous network. The specific capacitance of CNTs can be
15 to 200 F g�1, depending on their morphology, purity, and
treatment process, and it can be well-improved by post-
treatments, where defects and oxygen-containing functional
groups can be introduced.

Niu et al. reported a supercapacitor with capacitance of
113 F g�1 and power density of 8 kW kg�1 using MWCNTs with a
narrow diameter distribution centered at 8 nm and a specific
surface area of 430m2 g�1 as electrodes and 38wt% H2SO4 as
electrolyte.[291] Since then, studies on the layer structure,
post-treatment, and activation of CNTs for supercapacitors have
been performed.[288,290,292–300] For example, Frackowiak et al.
reported the electrochemical behavior of supercapacitors built
from MWCNTs with outer and inner diameters ranging from 10
to 20 nm and 2 to 5 nm and specific surface areas of 128 to
411m2 g�1, and the highest capacitance was 80 F g�1 in a 6 M

KOH electrolyte.[288] An et al. found that SWCNTs have a
maximum specific capacitance of 180 F g�1, a power density of
20 kW kg�1, and an energy density of 6.5 to 7Wh kg�1 at 0.9 V in
7.5 N KOH solution.[289] An electrochemical oxidation method is
used to enhance the specific capacitance of SWCNT-based
supercapacitors, and a specific capacitance of 163 F g�1 is
obtained for the electrochemically oxidized SWCNTs and the
supercapacitors also display better cycling performance com-
pared to the pristine sample.[299] Zhang et al. obtained a low
capacitance of 18.2 F g�1 for a MWCNT electrode in
an organic-electrolyte system, but a high energy density of
20Wh kg�1 with a 10mA discharge current density was reached
as a result of high operation voltage.[292] Improvement in the
specific capacitance of CNT electrodes can be achieved by
increasing their mass density. Yoon et al. synthesized MWCNTs
directly on a nickel foil, which subsequently serves as the current
collector of the integrated electrode.[300] An NH3-plasma
treatment increases the capacitance of the integrated electrode
remarkably from 38.7 to 207.3 Fg�1 in a 6 M KOH solution, which
can be attributed to the enhanced surface area and wettability of
the MWCNTs subjected to ammonia treatment. Similarly, Chen
et al. synthesized MWCNTs directly on Ni-deposited graphite foil,
which was treated in diluted HNO3 and then used as an electrode
for electrochemical characterizations, presenting the advantages
of binder-free and low contact resistance between the activated
material and current collector.[293] Zhang et al. explored the effect
of synthesis method, microstructure, pore structure, and
electrical conductivity on the capacitance performance of CNT
arrays.[294] The CNT array electrode displayed an excellent rate
capability (50.8% capacity retention at 77A g�1), high capacitance
(199 Fg�1 and 305 F cm�3), and long cycling life (3% capacity loss
after 20 000 charge/discharge cycles). The membranous
Adv. Mater. 2010, 22, E28–E62 � 2010 WILEY-VCH Verlag Gm
macrostructure of CNTs can be directly used as an electrode
material without adding any binder or collector.[295]

CNTs are also widely used as an additive for improving
electrochemical properties of supercapacitors because of their
low electric resistance, low mass density, high stability, and
network structure (entangling with one another). CNTs can grow
directly on substrates with high surface area and good
conductivity, such as ACs, glassy carbon, and metal foils.[219]

CNT/porous carbon and CNT/conductive polymer composites
show very high specific capacitances up to 2200 F g�1.[296]

Jurewicz et al. reported that a maximum value of 163 F g�1 in 1 M

H2SO4 can be obtained for MWCNTs prepared at 600 8C and
modified by a PPy layer with 5 nm thickness, whereas only 50 F
g�1 is obtained for the pristine CNTs.[297] The entangled network
of the nanocomposite favors the formation of 3D electric double
layers, allowing a more effective contribution of the pseudofar-
adaic capacitance of PPy. Pushparaj et al. reported nanoporous
cellulose paper embedded with an aligned CNT electrode and
electrolyte for thin mechanically flexible energy storage
devices.[298] An electrochemical codeposition technique was
proposed by Wu et al. to prepare a CNT/MnO2 composite.[301]

The rate/nucleation mechanism of MnO2 deposition was
significantly influenced by the introduction of CNTs in the
plating bath. Significant progress was recently achieved by the
layer-by-layer assembly of CNTs/MnO2 nanosheets.[302] In this
work, a sandwiched film of a MnO2 nanosheet and MWCNTs was
assembled based on electrostatic interaction of positively charged
poly(diallyl dirnethyl ammonium chloride) and negatively
charged MnO2 nanosheets and MWCNTs. Its electrochemical
capacitance properties are highly dependent upon the deposition
sequence and the order of structural components in the
sandwiched film. This indicates that the electron transfer and
ion conduction in this sandwich-type film is quite important for
the electrochemical performance. A surface-decoration method
finds its application for the synthesis of CNTs/RuO2 compo-
site.[303,304] Special attention should be paid to the achievement of
an aligned CNTs/RuO2 composite electrode.[305] RuO2 layers
were formed by physical magnetic sputtering Ru metal in the
atmosphere of Ar/O2 on a CNTarray. A nearly 50-fold increase in
capacitance is accomplished in this aligned composite electrode
after RuO2 decoration. The results should be reasonably related to
the well-occupied 1D ion conduction channels and the fast
delivery of electrons through the matrix of the CNT forest.

Graphene, a new class of carbon material, exhibits good
electrical conductivity ranging from 200 to 3000 S cm�1.
Chemical exfoliation of graphite enables mass production of
chemically modified graphene materials with a large quantity of
exposed active sites anchored with oxygen functional groups.[306]

According to the adsorption isotherms and other measurements
of graphene materials, the adsorption occurs on the surface of
graphene sheets, which are overlayered with each other to form
an aggregated structure, and these aggregated large pores
contribute to the hysteresis loops at adsorption isotherms. In
an aggregated structure of graphenes, graphene layers interact
with each other to form an open pore system, through which
electrolyte ions have easy access to the surface of graphene to
form electric double layers. This unique open-pore system avoids
the dynamic resistance of electrolyte ions within smaller pores,
suggesting that graphene-based electrode materials may show
bH & Co. KGaA, Weinheim E55
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Figure 16. Schematic illustration of the Li-ion supercapacitor.
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good power capability. The robust surface chemical properties of
graphene materials make them feasible as supercapacitor
electrode materials showing capacitances of 117 to 135F g�1.[307]

Ruoff et al. reported that supercapacitors based on multilayered
graphene display a specific capacitance of 135 Fg�1 in an aqueous
electrolyte solution.[307] In contrast to the conventional high-
surface-area materials, the effective surface area of graphene as
capacitor electrode materials does not depend on the distribution
of pores. The electrochemical performance of graphene is
intimately related to its surface chemistry.[308] Because graphene
has a layer structure, we recently fabricated a flexible and
electrochemically robust graphene electrode. Graphene/PANi
was assembled layer-by-layer into a macroscopic flexible electrode
that exhibits an excellent electrochemical capacitance of 233 Fg�1

and 158 F cm�3.[309] These intriguing features make it quite
promising as a soft electrode for flexible supercapacitors. These
attempts represent substantial progress towards applications of
graphene-based materials and the development of flexible energy
devices.

CNTs and graphene and their composites have shown
promising features of high specific capacitance, good stability,
and sound electrodynamics for serving as the electrodes of
supercapacitors in specific applications. There is a great need for
further investigations focusing on the optimization of the surface
and pore structure and on improvement of electrode fabrication
techniques to enhance the integrated performance of these
electrode materials.

4.3.4. Design of Asymmetric Capacitors

An obvious disadvantage of supercapacitors is their low energy
density. To solve this problem, Amatucci et al. first proposed to
integrate bulk Li-ion storage and double-layer storage to assemble
an asymmetric capacitor (Li-ion supercapacitor) for achieving
high power and high energy density simultaneously.[239] An
asymmetric capacitor combines two different types of electrodes
operating on different electrochemical mechanisms. One such
asymmetric hybrid capacitor system was reported by Amatucci
et al. by combining nanostructured Li4Ti5O12 (Faradaic) with
ACs.[242] Nanostructured Li4Ti5O12 was specially chosen as it
possesses a low reduction potential, high specific capacity
(�170mAh g�1), good cycling life, and rate capability.

A main Li-ion-embedded pseudocapacitance electrode material
is titania. Titania demonstrates low strain, high potential, long
cycling life, and good safety reliability in the bulk Li-ion storage
process. Among the crystalline (anatase, rutile, and brookite) and
amorphous titania structures, amorphous titania has a pseudoca-
pacitance behavior and crystalline titania has obvious redox
potential and charge/discharge platform.[310] Titania electrode
materials with different morphologies and pore structures have
been intensively studied.[196,311–319] Amorphous nanostructured
titania can effectively improve the kinetics of the Li-ion storage
process and the mesopore structure in titania electrode materials
can improve the efficiency of Li-ion transport. Very recently,
Brezesinski et al. reported a high-surface-area crystalline meso-
porous TiO2 film with high levels of capacitive charge storage and
high insertion capacities, indicating that both a mesoporous
morphology and the use of nanocrystals are very promising for the
rational development of metal oxide pseudo-/supercapacitors.[318]
� 2010 WILEY-VCH Verlag Gm
An asymmetric supercapacitor incorporating an aligned titania
nanotube anode and an OMC cathode, also called a Li-ion
supercapacitor, was proposed by Wang et al.[320] This work is
characterized by the optimization of ionic transport in the anode
and ionic uptake in the cathode (Fig. 16). The aligned titania
nanotubes have a high surface-to-volume ratio, a meso-/
macroporous structure, excellent activity towards electrochemical
reactions (e.g., Li storage), and are highly promising for use as an
anode to overcome the kinetic problems involved in many
electrochemical systems. The ionic transport in the anode is
enhanced by reducing the tube length and wall thickness of
aligned titania nanotubes. OMCs are superior to either ACs or
CNTs because of their high-rate charge-storage capability. The
ionic transport and uptake at the OMC cathode is significantly
improved by combining ordered mesopores and a high specific
surface area of OMCs. Remarkably, the constructed Li-ion
supercapacitor can deliver a high energy density of 25Wh kg�1

and a high power density of 3000W kg�1 at a short current
draining time of 30 s. Another advantage of this Li-ion super-
capacitor is its safety and stability for a long period of operation
due to the absence of dendrite Li metal and a solid electrolyte
interphase. In terms of the fundamental electrochemistry, the
superior performance of such Li-ion supercapacitors is attributed
to the shortened electrolyte penetration depth and Li-ion
diffusion length in the aligned titania nanotube anode, facilitating
an effective lithiation anode process and fast ion uptake at the
OMC cathode.[320]
4.4. Summary

In summary, to obtain high performance electrode materials for
supercapacitors, it is important to design and synthesize
materials with desirable structures and compositions based on
a thorough understanding of the interaction between electrodes
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, E28–E62
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and electrolyte ions. Pore structure is closely related to ion
transport and charge accommodation, and it is demonstrated that
electrodes with hierarchical pores and moderately high surface
areas display high electrochemical performance. Carbonaceous
porous electrode materials show advantages of high electrical
conductivity, good structural controllability, and low production
cost, and thus are attractive for making high power-density
supercapacitors. A drawback of carbon electrodes is their low
capacity and the combination of carbon and metal oxides or
conductive polymers has been shown to be effective in improving
the energy density of supercapacitors. Asymmetric capacitors
composed of a battery-type electrode and a supercapacitor
electrode are receiving increasing interest because of their high
energy density. Nanostructured materials are used as the Faradaic
battery-type electrode because they show enhanced ionic
transport ability due to their small size. Optimization of the
structure and composition of nanomaterials may further improve
the performance of the asymmetric capacitors.
5. Conclusive Remarks and Prospects

Energy storage materials are receiving tremendous attention and
research interest due to the increasing concern on the sustainable
development of energy, economy, and society, which is closely
related to the high efficiency and versatile storage and
consumption of energy. To fulfill the newly emerging applica-
tions, such as powering EVs/HEVs and portable electronics,
advanced energy storage materials with superior integrated
performance that enables high energy and power density and
environmentally benign, convenient, and flexible storage of
energy are highly demanded.

As described above, several general strategies for making
advanced energy storage materials have been developed, such as
nanostructuring, nano-/microcombination, hybridization, por-
e-structure control, configuration design, surface modification,
composition optimization, and novel device design. Notable
progress has been made in recent years: the capacity, rate
capability, and cycling life of electrode materials for LIBs and
supercapacitors have been evidently enhanced and the capacity,
thermodynamics, and kinetics of hydrogen storage materials are
being steadily improved. These energy storage materials with
high capacity, long cycling life, good safety, and good reliability
will undoubtedly boost the performance of energy storage devices
constructed on them and facilitate their wide application.

While desirable properties are achieved for the subtly designed
energy storage materials, drawbacks still exist. For example,
nanostructured electrode materials for LIBs show enhanced Li
diffusion and alleviated inner stress, which leads to an improved
rate capability and cycling performance, but their first Coulombic
efficiency is decreased due to the large surface area of the
nanomaterials; when the nanoconfining technique offers a new
possibility to addressing the dilemma between dehydrogenation
temperature and reversibility encountered in hydrides, a
significant capacity penalty resulting from ‘‘inert’’ nanoscaffolds
needs to be minimized prior to any potential vehicular
application. It is yet difficult to find an omnipotent energy
storage material. A wise way is to design and fabricate energy
storage materials according to specific application requirements,
Adv. Mater. 2010, 22, E28–E62 � 2010 WILEY-VCH Verlag Gm
such as high power-density materials for power systems and high
capacity materials for long-term and stable energy supplies.
Except for the performance indexes, issues of safety, environment
compatibility, cost, and ease of manipulation and fabrication
should also be taken into account when developing an industrially
applicable energy storage material.

Continuous efforts are undoubtedly required in developing
high-performance energy storagematerials, and a few new trends
are noteworthy and may be very promising. Firstly, organic
materials are playing increasingly important roles in energy
storage. The currently explored energy storagemedia are basically
inorganic materials, while from the viewpoint of sustainability
and ecoefficiency, the development of renewable organic energy
storage materials is very important. Organic and organic/
inorganic hybrid electrode materials have been reported to show
desirable electrochemical energy storage properties, and it is
predicted that biomass could be used as electrodes of LIBs in the
future.[233,321] Organic chemistry is also used in cation/anion
substitution and exchange to explore AB-based compounds and
metal borohydrides for hydrogen storage. Secondly, optimization
of the matching capability and structure of energy storage devices
is crucial. Except for active materials, each energy storage system
contains ‘‘inert’’ parts, such as electrolytes, additives, current
collectors, and separators in LIBs and supercapacitors. To make
full use of active materials, perfect matching between cathode/
anode materials and electrodes/electrolyte is most desirable. For
example, it can be expected that, by using an ionic liquid as the
electrolyte, the energy density of supercapacitors and the safety
reliability of LIBs can be largely improved. The design and
fabrication of asymmetric supercapacitors and 3D nanoarchi-
tectured LIB cells will lead to an enhanced performance of energy
storage units. Thirdly, the combination of theoretical calculations
and experimental investigations will promote the exploration of
novel high-performance energy storage materials. Theoretical
and computational modeling and simulation are effective in
predicting the properties and optimizing the composition of
electrode materials and catalysts used in energy storage systems.
Guided by theoretical predictions, the efficiency of developing
novel energy storage materials will be significantly improved. For
example, Kang et al. at first performed ab initio computational
modeling and then experimentally prepared well-layered
Li(Ni0.5Mn0.5)O2 with desirable rate capability and high energy
density.[224] DFT calculations were employed to thermodynami-
cally predict favorable hydrogen storage reactions coupled with
optimized capacity.[322]

Based on an in-depth understanding on the principles of energy
storage and combined with smart material-design strategies and
ever-improved synthesis technologies, more and more advanced
energy storage materials with excellent performances are being
developed. Their practical applications will play important roles in
solving the serious energy and environment problems. By powering
EVs, HEVs, fuel-cell-driven vehicles, aeronautic/astronautic air-
crafts, and various portable electronics, energy storage materials/
systems are anticipated to contribute greatly to the advancement of
modern civilization. However, to achieve such goals, great efforts
are required to tackle a series of technological barriers. Since energy
storage correlates to a wide range of subjects and fields,
collaborations and joint research of scientists from a wide range
of disciplines will be essential and crucial in future development.
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Finally, we want to cite a phrase from ‘‘New Science for a
Secure and Sustainable Energy Future’’ by Hemminger et al.[323]

to conclude this review: ‘‘It becomes clear that the magnitude of
the challenge is so immense that existing approaches—even with
improvements from advanced engineering and improved
technology based on known concepts—will not be enough to
secure our energy future. Instead, meeting the challenge will
require fundamental understanding and scientific breakthroughs
in new materials and chemical processes to make possible new
energy technologies and performance levels far beyond what is
now possible.’’
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