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The development of more efficient electrical storage is a pressing requirement to meet future societal and
environmental needs. This demand for more sustainable, efficient energy storage has provoked a renewed
scientific and commercial interest in advanced capacitor designs in which the suite of experimental
techniques and ideas that comprise nanotechnology are playing a critical role. Capacitors can be charged
and discharged quickly and are one of the primary building blocks of many types of electrical circuit, from
microprocessors to large-sale power supplies, but usually have relatively low energy storage capability
when compared with batteries. The application of nanostructured materials with bespoke morphologies
and properties to electrochemical supercapacitors is being intensively studied in order to provide
enhanced energy density without comprising their inherent high power density and excellent cyclability.
In particular, electrode materials that exploit physical adsorption or redox reactions of electrolyte ions are
foreseen to bridge the performance disparity between batteries with high energy density and capacitors
with high power density. In this review, we present some of the novel nanomaterial systems applied for
electrochemical supercapacitors and show how material morphology, chemistry and physical properties
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are being tailored to provide enhanced electrochemical supercapacitor performance.
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1 Introduction

Energy production relying on the combustion of fossil fuels and
its environmental impact is forecast to have an adverse effect on
world economic activity and ecology. Consequently there is
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intense worldwide activity to develop more sustainable energy
conversion and use technologies that will reduce dependence on
fossil fuels. Critical to these efforts is the efficient storage of
electrical energy generated from intermittent energy sources such
as wind and solar, including batteries and capacitors.”” In
parallel, consumer and industrial demand for compact, low mass
and efficient electrical power devices is also driving the devel-
opment of higher power and energy density capacitor and
batteries. For example, capacitor-based high energy pulsed
power conditioning has been achieved for pulse duration of
hundreds microseconds at megavolt levels in high frequency
power converters for electrical transport applications.®*
However, increasing energy density, ripple and load current
demands together with the need for reduced physical size and
low weight are driving further improvements in capacitor
technology."

Electrical storage technologies including batteries and capac-
itors have been profoundly impacted by nano-science and tech-
nology,'™*®® particularly in the engineering of bespoke electrode
materials for batteries and electrochemical capacitors, desig-
nated supercapacitors, which involve the -electrochemical
processes of either physical adsorption or redox reactions of ions.
Redox-based supercapacitors with nanostructured electrode
materials have shown the potential to combine the high energy
density of conventional batteries and the high power capabilities
of electrostatic capacitors at the laboratory scale, but face
important challenges related to durability, processability, cost
and environmental effects for technological impact.

In this review we focus on recent important developments in
redox-based supercapacitors with nanostructured electrodes. We
consider the direction of future research and the prospects for
future commercialization and application. The research litera-
ture relating to nanostructured pseudo-capacitive metal oxides,
conducting polymers and their composites is considered. Current
commercial supercapacitors make use of activated carbon
cathodes and anodes with high specific surface areas up to

2000 m* g ' or more. These supercapacitors involve ion
absorption over the high specific surface area (termed electric
double-layer capacitance) to give power densities approaching
5 Wh kg ! and the reader is directed elsewhere for excellent
reviews of carbon-based electrodes for ion adsorption.''*2? In
this review carbon materials, particularly carbon nanotubes and
graphene, are discussed only in terms of (1) the commercial state-
of-the-art performance, and (2) their role when used as
a minority phase addition to pseudo-capacitive materials in
composite electrodes.

2 Background
2.1 Historical background of capacitors

Fig. 1 shows the evolution of capacitor technology.!® Electro-
static capacitors are the most direct and literal way of storing
electrical energy and have been one of the primary building
blocks of electronic circuits since the earliest days of electro-
technology.'®™® Consisting of two conductive electrodes
separated by an insulator or dielectric material, electrostatic
capacitors accumulate and store electric charge inside the concen-
trated electric field between two electrodes (Fig. 2a). This arrange-
ment has low equivalent series resistance (ESR) and low equivalent
series inductance (ESL), allowing fast discharge times within tens of
microseconds and a high power delivery of over 10 kW kg .
Current electrostatic capacitor technologies include electro-
lytics, ceramics, polymer films and mica, which are typically
available in planar and spiral wound constructions and are
employed widely in microelectronic circuits and ripple filters. The
continuing demand for small, integral passive components with
flexible geometry and space-efficient packaging has spurred the
development of nanodielectric embedded capacitor technologies
to replace discrete decoupling capacitors, and their direct
incorporation into passive components such as printed circuit
boards (PCBs).?*?? Although electrostatic capacitor technology
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Fig. 1 Development history of advanced capacitors. Reproduced with
permission from ref. 10. Copyright 2006 IEEJ.

appears to be the ideal choice for high-speed circuits, they
generally provide a capacitance of less than 10 uF g=' and an
energy density of less than 0.1 Wh kg~

Electrochemical supercapacitors store electrical energy using
reversible adsorption of ions from an electrolyte onto two porous
electrodes to form an electric double layer at an electrode/elec-
trolyte interface (Fig. 2b).*® Electrochemical supercapacitors that
only involve physical adsorption of ions in this manner, without
any chemical reactions, are called electric double-layer capacitors
(EDLCs). Fig. 2b shows that unlike a battery, both anode and
cathode can be the same high specific surface area material
because different reversible chemical reactions at the electrode
are not required. Because there is no physical change in the
electrodes on charge/discharge, EDLCs can sustain millions of
cycles with an energy density of typically 3 Wh kg '

The other type of electrochemical supercapacitor is termed
a pseudo-capacitor and is fundamentally different from an
EDLC in the way in which charge is stored. Early research
focused on Faradaic pseudo-capacitance arising from electro-
sorption of proton monolayers on noble metals such as platinum
or gold and electrochemical protonation of metal hydrous oxides
such as ruthenium oxide and iridium oxide hydrates.?"** More
recently, research activity has grown substantially, in particular
with regard to the pseudo-capacitance behavior of transition
metal oxides that store charge using redox-based Faradaic
reactions. This pseudo-capacitance can be superimposed on any
electric double-layer capacitance. In principle, pseudo-capacitors
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Electrode
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R R

Electrode Dielectric Electrode Electrode

(a) Electrostatic

can provide a higher energy density than EDLCs, especially in
systems where multiple oxidation states can be accessed, but
because the electrodes undergo physical changes during charge/
discharge they have relatively poor durability compared with
EDLCs.

Fig. 3 shows a Ragone plot comparing the performance of
a range of energy storage devices.*® The most promising near-
term future markets for supercapacitors are in the same appli-
cation sector as batteries with which they share similarities.!
Supercapacitors have been used to complement or replace
batteries in energy storage and/or load-levelling applications
including portable electronic devices, plug-in hybrid electric
vehicles, wind farms and long time constant circuits.?*%
Although supercapacitors offer high power density, market
penetration has been limited because of high cost and a low
energy density compared with batteries.**” The speciality
carbon material generally used in supercapacitor electrodes is
presently expensive in terms of the resulting energy-power
characteristics, and a reduction in the cost for supercapacitors
(US$10-20 Wh™' and US$25-50 kW' compared with US$1-2
Wh™" and US$75-150 kW' for batteries) is the main barrier to
wider commercialization. A more detailed comparison of the
important parameters of electrostatic capacitors, supercapacitors
and batteries is presented in Table 1.3

Additional electrode material and supercapacitor aspects that
must also be considered in the commercial context include
environmental compatibility of the manufacturing, use and
disposal cycle, the weight/volume topology (laminated, curved,

1000

Energy Density (Whikg)

e
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Source US Defence Logistics Agency

Fig. 3 A Ragone plot showing the specific energy density versus power
density for various energy storage devices.**

Electrolyte Separator Electrolyte

(b) Electrochemical double-layer

Fig. 2 Schematic of (a) a parallel-plate capacitor and (b) an electrochemical supercapacitor.
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Table 1 A comparison of electrostatic capacitors, supercapacitors and
batteries.®

Parameters Electrostatic Capacitor Supercapacitor Battery

Charge 10107 s 1-30s 0.3-3h
Time

Discharge 107107 s 1-30s 1-5h
Time

Energy <0.1 1-10 20100
Density
(Wh kg™")

Power >10 000 10002000 50-200
Density
(W kg ™)

Cycle Life >500 000 =100 000 500-2000

Charge/Discharge ~1.0 0.90-0.95 0.7-0.85
Efficiency

spiral, flexible, efc.) and lifetime.?”*® The fastest growing and
largest energy storage market is mobile energy storage,**** and
where an improved supercapacitor energy capacity can be cost-
effectively combined with their intrinsic high power capability
and almost unlimited cycle life, significant market penetration
can be expected.

2.2 Principle of redox supercapacitors and the influence of the
nanoscale

For an electrochemical supercapacitor with charge accumulated
in the electric double layer as previously shown in Fig. 2b, the
capacitance C is given by:

O e A

C=v="4d

where Q is the total charge on the plates, Vis the voltage imposed
across the capacitor, 4 is the specific area of the electrode/elec-
trolyte interface accessible to ions, d is the thickness of the electric
double layer, ¢y = 8.854 x 107> F m™! is the permittivity of free
space and ¢, is the dielectric constant of the electrolyte. The
charge density in the double layer is made up of the charge
density from specifically adsorbed ions in the inner Helmholtz
plane (IHP) and the charge density in the outer diffuse layer
(Fig. 4"). Thus the total double-layer capacitance C; of the
electric double layer includes the Helmholtz type compact
double-layer capacitance C; and the diffuse region of the
double-layer capacitance Cyy:*

R
Ca Cu  Cuy

(1

)

The formation of the double layer associated with the charge
rearrangement rather than a chemical reaction takes place in ca.
10~% s and the thickness d (= x; + x; in Fig. 4) is generally less
than 1 nm, giving rise to a rapid response to voltage changes and
a specific capacitance of approximately 0.1 F m 2 The exact
specific capacitance, layer thickness and the kinetics of adsorp-
tion depend on the potential and the extent of participation of
the THP in the electric double layer.’

For supercapacitors additionally or alternatively utilizing
pseudo-capacitance, reversible redox processes take place in
which the valence electrons of electroactive materials are trans-
ferred across the electrode/electrolyte interface, resulting in

M IHP OHP

Specifically adsorbed anion

._,,,,__.
AR

5

O = Solvent molecule

Fig. 4 Proposed model of the double-layer region under conditions
where anions are specifically adsorbed. IHP is the inner Helmholtz plane,
OHP is the outer Helmholtz plane, M refers to metal, ¢’ is the total
density in the IHP and o“is the excess charge density in the diffuse layer.*!

a potential-dependent capacitance. Studied by Conway in 1975
for the first time,***" the term pseudo-capacitance was coined to
distinguish this mechanism of charge storage {from double-layer
capacitance where only electrostatic interaction occurs. The
pseudo-capacitance is characterized by an approximate linear
variation of capacitance with the extent of charge stored AQ and
related to the change of the potential A}V as follows:

C= 2C (3)

AV

Unlike redox processes in a battery, Faradaic processes in
a pseudo-capacitor are subject to a thermodynamic change of
potential during charge accumulation and have better revers-
ibility. Consequently redox supercapacitors can be thought of as
possessing both battery-like behaviour with Faradaic reactions
occurring across the double layer, and electrostatic capacitor-like
behaviour with high reversibility and high power.

Several types of Faradaic processes occur in the pseudo-
capacitive electrodes:** (1) reversible surface adsorption of
proton or metal ions from the electrolyte; (2) redox reactions
involving ions from the electrolyte; and (3) reversible doping-
dedoping processes in conducting polymers. The first two
processes are primarily surface reactions and hence are highly
dependent on the surface area of the electrodes. The third process
is more of a bulk process and the specific capacitance of the
electrode materials is much less dependent on surface area,
although a relatively high surface area with micropores is desir-
able to distribute efficiently the ions to and from the electrodes.
Redox reactions are usually accompanied by an electrostatic
double-layer capacitance component proportional to their elec-
trochemically accessible interfacial area, and typically contrib-
utes 5-10% of the total capacitance. A specific capacitance of
over | F m? can be reached in pseudo-capacitance based
materials.
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The energy density W and power density P of an electro-
chemical supercapacitor is defined as:

W:§CV2 (4)
VZ
P=1x (%)

where Cis the specific capacitance, Vis the voltage applied on the
cell and Ry in ohms is the equivalent series resistance (ESR). The
operating voltage is determined by the stability window of the
electrolyte. Capacitors in organic electrolytes, for example Liion
containing carbonate and acetonitrile based electrolytes, can
operate in the range of 2-3 V. and the use of ionic liquids can
extend this range to 3.5-4 V, whereas in aqueous electrolytes the
electrochemical stability window is generally below 1 V3%

The typical advantages that can be conferred by nano-
structured electrode materials include:

1. Reduced dimensions of the electrode materials can enlarge
the electrode/electrolyte contact area per unit mass significantly,
providing more ion adsorption sites for double-layer formation
and charge-transfer reactions. In some cases, micropore (<2 nm)
dimensions and their distribution may be tailored to optimize the
areal or volumetric density of pseudo-capacitive (and EDLC)
electrolyte/electrode interactions.

2. The tortuous ionic and electronic diffusion distance through
porous electrodes may be reduced, resulting in shorter diffusion
times, improved high rate charge/discharge capability, and
energy densities that approach those of conventional lead-acid
and Ni-MH batteries. Contiguous ion channels of mesoporosity
ensure that the accessible electrode area is maximized and that
the kinetics of electrolyte/electrode reactions are sufficiently fast
at all points over the electrode surface. In particular, three-
dimensional (3-D) nano/meso-architectures can be exploited
without increasing the overall areal footprint of the electro-
chemical device.

3. The confinement of material dimensions to the nanoscale in
the electrodes may cause deviations from their equilibrium
structure, modifying phase transformations upon ion insertion/
extraction and other reactions and engineering an improved
tolerance to the otherwise pulverizing volumetric changes.
Nanostructured electrodes in supercapacitors that show
enhanced tolerance to strain and structural distortion can then be
cycled many times at high rates.

4. Nanoscale clectrode materials can offer exciting combina-
tions of properties that will allow supercapacitors to address new
markets. For example, supercapacitors that combine low weight,
transparency, flexibility and biodegradability.

3 Nanomaterials for redox supercapacitors
3.1 Metal oxides

Transition metal oxides are generally considered the best
candidates as electrode material for redox supercapacitors,
because they have a variety of oxidation states available for
redox charge transfer. The most studied metal oxide in super-
capacitors is hydrous ruthenium oxide (RuO.H, or

RuO--xH->0) because of its ultrahigh theoretical capacitance of
ca. 2000 F g' in a wide potential window of 1.4 V, a nearly
metallic electrical conductivity of the order of 10° S cm ' at room
temperature and excellent chemical stability.***** However, the
practically attainable capacitance of bulk RuQ, is usually at least
one order of magnitude smaller than theory because of highly
crystalline RuO, and power constraints.*** Recent studies
recognize that a rutile-like nanocrystalline network inter-
penetrated by a disordered hydrous domain is required to ach-
ieve both high ionic conductivity and metallic electrical
conductivity, which exemplifies the necessity of nanoscopic
architectures to balance the electronic and ionic transportation
inside these materials.’” To achieve such nanostructures,
attempts have been made in the fabrication of nanostructured
RuO; with controlled water content and crystallinity to enable
rapid proton and ionic transportation while maintaining the
metallic electrical conductivity.

RuQ; in the form of porous films,*** nanorods,® aligned
plates, exfoliated nanosheets® and nanoparticles decorating
conducting matrices*** have offered improved specific capaci-
tance and rate capability. Amongst these, a mesoporous hydrous
RuO, nanotube array prepared by anodic aluminium oxide
(AAO) membrane-templated electrodeposition displayed the
highest specific capacitance of 1300 F g~! at 1000 mV s~'. This
approach combined favourable electron hopping along the rigid,
crystalline thin walls with efficient electrolyte penetration inside
the open tubular structures, as shown in Fig. 5.* The tiny rutile-
structured nanocrystallites on the walls of the annealed tubes
facilitated ion transportation and there was a 40% loss only of
capacitance as the scan rate increased from 10 to 1000 mV s,

Despite these very appealing electrochemical characteristics,
commercial applicability of RuO, is so far hindered by the
material cost. Ruthenium containing ternary oxides and
composites might help to reduce cost and increase the utilization
of RuO,, although these approaches undermine the specific
capacitance to some extent.?>8

More cost-effective transition metal oxide systems in which the
metal cations occupy alternate layers or can support multiple
valences have been investigated to replace RuO, for pseudo-
capacitive electrodes. Manganese oxides have shown attractive
versatility in energy storage applications, such as cathodes in
alkaline-MnQ,, Li-MnO, primary batteries and Li ion
rechargeable batteries, as well as an electrocatalyst in metal-air
batteries and alkaline fuel cells.**¢7 The versatility of manganese
oxide is mostly attributed to the tunnel and layered crystalline
structures of MnQ, that constitute a large family of porous
materials, from ultra-micropores to mesopores. Depending on
the linkage of the MnOg octahedral structural units, MnO, can
exist in diverse crystalline phases which exhibit different cation
exchange, adsorptive and electrochemical responses. 556870
Unlike RuQO,, most metal oxides do not possess high acidic
resistance and fast protonic diffusion in bulk form, and thus the
pseudo-capacitance is primarily contributed by surface reactions
in a neutral or basic electrolyte system.

MnO, exhibits pseudo-capacitive behaviour owing to the
surface adsorption and insertion/extraction of metal alkali
cations inside the open crystalline framework. Due to the low
diffusion coefficient of protons and alkali cations to the interior
of MnO- particles, the specific capacitance of conventionally

50
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Fig. 5 (a, b) SEM images of a hydrous RuO, nanotube arrayed elec-
trode, (c) TEM image and (d) HRTEM image of hydrous RuO, nano-
tubes annealed in air at 200 °C for 2 h. The inset of electron diffraction
pattern shows diffraction rings of polycrystalline RuO5 in the rutile form.
Reproduced with permission from ref. 46. Copyright 2006 American
Chemical Society.

prepared MnO, electrodes in the presence of binder and
conductive additives is often inhibited to below 200 F g~', while
binder-free nanostructured MnQ, with reduced electronic and
charge diffusion distances is expected to promote charge-transfer
reactions.”””” Toupin er al. demonstrated that an ultrahigh
specific capacitance of 1380 F g~' was achievable in Pt supported
amorphous MnO,; nanometric thin film electrodes at low charge/
discharge rates.” Electrodeposited -MnQ, nanoplates with
a wall thickness of 20 nm displayed a high specific capacitance of
over 500 F g~!, although the rate capability of these monolithic
nanostructures is usually unsatisfactory for practical purposes.™
Co-deposition of nickel or cobalt with MnO; has been suggested
to improve the long-term cyclability of MnO,.* Another limi-
tation of MnO, based materials is the restricted electrochemical
stability window (0-0.9 V vs. Ag/AgCl) to avoid the irreversible
reduction of Mn*" and subsequent electrode dissolution at low
voltage. Therefore, MnO; electrodes are preferentially coupled
with an electrode whose electrochemical window is comple-
mentary to build a hybrid device, so that the safe operating
voltage can be maximized.'s#%2

Fe;0, is another pseudo-capacitive material with attractive
natural abundance and reasonable metallic electrical conduc-
tivity of 10°-10* S cm™' at room temperature. The specific
capacitance achievable using Fe;O, as a supercapacitor electrode
has a strong dependency on the electrolyte anion species and the
dispersion of the oxide crystallites.®** Although the electro-
chemical performance of Fe;O4 appears to be inferior in
common neutral or basic electrolytes with a specific capacitance
of only 5-7 F g~'.%® Chung et al. showed that capacitance could
be tuned to over 100 F g' by optimization of the porosity and
crystallinity in electrodeposited hierarchical porous Fe;O, thin
films, highlighting the potential of nanoscopic, 3-D construc-
tions.?® During preparation, Fe(ir)/Fe(mr) hydroxysulfate (green
rust 2) was anodically deposited onto a Pt substrate in the
presence of ammonium ions as a buffering and complexing

agent, followed by chemical oxidation with a dilute basic solu-
tion. The normal growth of Fe;04 protrusions on the substrate
led to an interconnected thin film structure with nano-thick walls
and adjustable porosity as shown in Fig. 6, providing a large
available surface area for electrolyte penetration and charge-
transfer reactions. In Na,SO; aqueous electrolyte, Fe;04 may
provide specific adsorption sites that facilitate the subsequent
redox reactions for SO;>~, leading to a specific capacitance of 170
F g'.* The highest specific capacitance of 510 F g=' for Fe;04
was obtained for carbon black nanostructured co-precipitates
with a Na,SO; aqueous electrolyte at a scan rate of 2 mV s=' #
However, the charge-transfer mechanism and reliability of this
composite formulation requires further investigation.
Vanadium oxides and molybdenum oxides containing corner
and/or edge shared MOy octahedral units that form two-
dimensional (2-D) sheet structures have shown excellent ion
storage  capability in  rechargeable  batteries  and
supercapacitors,® "2 exhibiting high capacitances of up to
400 F g '.19%1% Other alternatives such as Fe,05,'%197 TiQ, %111
and SnQ,* "> also deserve attention because of their prom-
ising additional functionality such as photocatalytic activity,
photoelectrochemical activity, electroluminescence and optical
transparency as well as low cost and non-toxicity. Nonetheless,
their charge storage capability is severely hindered by their
insulating nature or poor electrical conductivity, and their
potential for supercapacitor electrodes lies primarily in doped or
complex systems /e ternary oxides and composites. Complex
metal oxides might offer the potential for multi-electron transfer
reactions with more chemical valence states within the accessible
potential range of an electrolyte. Some of this potential has been
explored in primary and rechargeable lithium ion batteries.
Spinel ferrites MFe-O, (M = Fe, Co, Ni and Mn) have been
studied by Wu et al. where nanocrystalline MnFe->O, showed the
highest specific capacitance of over 100 F g~' at a high power

Fig. 6 SEM images of Fe;Oy thin films as functions of solution pH and
the concentration of (NH,4),S0, for deposition of green rust 2 thin films:
(a) pH 7.6, 0.2 M (NH4)>SO4, (b) pH 8.1, 0.2 M (NH,4)»SO4, (c) pH 8.6,
0.2 M (NH4),S04, (d) pH 7.6, 0.04 M (NH,4),SO;. Thin films deposited at
—650 mV vs. a saturated calomel electrode at room temperature.
Reproduced with permission from ref. 90. Copyright 2005 Electro-
chemical Society.
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deliver above 10 kW kg ' in a Li ion electrolyte, associated with
charge transfer at both the Mn?" and Fe?* sites.""* The presence
of Fe'* is suggested to inhibit lattice distortion and Mn disso-
lution during cation/proton insertionfextraction, leading to
improved electrochemical stability and cycling life 114117

TiO; is of considerable importance in large batteries for power
grid applications as TiO, exhibits facile lithium ion insertion
without the formation of solid electrolyte interface by-products
and catastrophic volume changes, which contribute to its high
power capacity and long shelf life.""®"** Aligned or randomly
oriented anatase and brookite crystals have been studied as
anode materials for hybrid electrochemical cells'®1® where 3-D
TiO; nanotube arrays and networks were shown to facilitate
redox reactions of many oxides including RuQ,, Ni(OH),/NiO
and Co(OH), in an aqueous electrolyte. These were achieved by
promoting an initial effective dispersion of the oxide nano-
particles, and possibly by catalyzing the charge-transfer reactions
themselves_53,56.113,124

3.2 Conducting polymers

The pseudo-capacitance of conducting polymers originates from
the reversible oxidation and reduction of the conjugated double
bonds in polymer networks, which can be described by the
following reactions:*

P, —xe+xAd < P A, (6)

Py + ye + xM* < PiM; (M
where P, refers to a polymer with conjugated double bonds, m is
the polymerization degree, A4 refers to anions, and M* refers to
cations. The oxidative p-doping reaction takes place in most
conducting polymers, and the most extensively studied ones are
polyaniline (PANI) and polypyrrole (PPy). In both aqueous and
non-aqueous electrolytes, PANI can reach a specific capacitance
of 150-190 F g ','25127 and PPy a specific capacitance of 80-100
F g '."**"* However, conducting polymers as monolithic elec-
trodes may not meet practical requirements since the pseudo-
capacitance of conducting polymers is limited by many factors.
These include the percentage of dopant, doping mechanism,
redox switching and redox stability. In addition, the exchange of
anions between polymer and electrolyte usually has a detrimental
effect on electric charge density, switching speed and cyclability.
Nanostructured conducting polymers prepared using template
methods with a high aspect ratio and controlled orientation can
partially address the capacitance and mechanical degradation,
and conducting polymers PANI, PPy and poly(3.4-cthyl-
enedioxythiophene) (PEDOT) combined with nanostructured
carbon and metal oxides have shown promising rate capability
and cycling life 122135

3.3 Carbon composites

Microporous activated carbon is the current material of choice
for commercial supercapacitors with a specific surface area of up
to 2000 m* g~' providing capacitance in excess of 200 F g~ in an
aqueous electrolyte, operating at up to 1.2 V. The capacitance in
these supercapacitors is provided primarily by electric double-
layer capacitance and reviews of carbon in supercapacitors have

recently been published,'®'*? and further detailed consideration

of monolithic activated carbon electrodes is beyond the scope of
this review. Here only nanoscale polymorphs of carbon are
considered, and in particular where they are used in conjunction
with redox active materials to form composite electrodes.

3.3.1 Carbon nanotube based composite electrodes.
Approaches to composite electrodes combining metal oxides or
conducting polymers with carbon can offer an effective solution
to overcome some of the drawbacks of pseudo-capacitive mate-
rials, while maintaining a high specific capacitance.

By providing a readily electrical percolating structure with
mechanical robustness, carbon nanotubes have exerted a strong
influence on research trends in the supercapacitor field. Single-
walled carbon nanotubes (SWNTs) have an electrical resistivity
of 0.03 to 0.1 mQ cm, and multi-walled carbon nanotubes
(MWNTs) can reach an electrical resistivity of 5.1 pQ cm, lower
than the in-plane resistivity of graphite (0.04 mQ cm).’¢37 The
tensile strength and Young’s modulus have been estimated to be
45 GPa and 1.2 TPa respectively for SWNTs, and 150 GPa and
900 GPa respectively for MWNTSs."*¥'*! The specific surface area
of CNTs is dependent on the diameter of the tubes/bundles, and
usually lies in the range of 100-2000 m* g ' which is moderate
compared with activated carbon. However, the interpenetrating
network formed by randomly distributed CNTs has been shown
in some cases to be more accessible for solvated ions than the
micropores existing in activated carbons, leading to a low ESR
and a high power density above 8 kW kg '.'*'% The specific
capacitance of CNTs is mostly derived from double-layer
formation but physical and chemical activation can improve the
specific capacitance of CNTs by 2-7 times, leading to a capaci-
tance of 20-180 F g~!.13%:145-156 Thege intriguing properties along
with the excellent integrity induced by the van der Waals inter-
actions suggest the use of CNTs as both mechanical binder and
conducting enhancer in composite electrodes for super-
capacitors, including the potential for free-standing and flexible
energy storage devices."”'®' An example is shown in Fig. 7,
illustrating a typical procedure to fabricate solid-state flexible
supercapacitors and batteries from chemical vapor deposition
(CVD)-grown CNTs.'* By infiltration of a cellulose and room
temperature ionic liquid (RTIL) mixture into vertically aligned
CNT arrays, the CNTs could be peeled off from substrates,
forming a micron-thick foldable and configurable electro-
chemical device with RTIL in cellulose as the self-sustaining
electrolyte.

In CNT/conducting polymer composites, the w-bonded
surface of CNTs can interact strongly with the conjugated
structure of conducting polymers through the quinoid ring and
facilitates the functionalization of CNT electrodes with various
active polymers.'5215® The percolating network of CNTs provides
a large, open surface for the active sites of conducting polymers.
The excellent mechanical flexibility of CNTs allows the network
to adapt to volumetric changes during charge/discharge cycles
restricting the otherwise damaging effects of swelling or cracking
of the electrode materials. Composite electrodes in the form of
CNT networks coated with conducting polymers have been
explored extensively, with specific capacitances of 320-420 F g~!
for CNT/PANI composites’'""3* and 200-350 F g ' for CNT/
PPy composites’®'3%135 and excellent rate capability and
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Fig. 7 Fabrication of self-supported CNT composite paper units for
supercapacitors and batteries. (a) Schematic of the supercapacitor and
battery assembled using nanocomposite film units. The nanocomposite
unit comprises a room temperature ionic liquid and MWNT embedded
inside cellulose paper. A thin extra layer of cellulose covers the top of the
MWNT array. A Ti/Au thin film deposited on the exposed MWNT acts
as a current collector. In the battery, a thin Li electrode film is added onto
the nanocomposite. (b) Photographs of the nanocomposite units
demonstrating mechanical flexibility. Flat sheet (top), partially rolled
(middle), and completely rolled up inside a capillary (bottom) are shown.
(c) Cross-sectional SEM image of the nanocomposite paper showing
MWNTs protruding from the cellulose-ionic liquid thin films (scale bar,
2 um). The schematic displays the partial exposure of MWNT. Repro-
duced with permission from ref. 159. Copyright 2007 National Academy
of Sciences of the United States of America.

cyclability. Profiting from the solution processability of poly-
mers, CNT/conducting polymer composites can be applied
uniformly or locally patterned onto arbitrary substrates by spin-
on, spray-on and dip-coating methods, or processed into free-
standing buckypapers by filtration and electrospinning
approaches.

Design of composite electrodes for supercapacitors can also
draw inspiration from recently emerged transparent CNT/con-
ducting polymer composite film systems with interesting elec-
trochromic and electromechanical characteristics.'®*1%7 Recently
developed multifunctional biocompatible organic/CNT hybrid
systems could have potential applications in both energy storage
and biological fields."**'"" The introduction of CNTs as an
additive into metal oxide nanostructures also significantly
improves the charge/electron transport as well as interparticle
contact and mechanical integrity during extended cycling. A
several-fold increase in specific capacitance was found in TiO»/
CNT and SnO,/CNT composite electrodes compared with pure
TiO, and SnQO, electrodes.'”

Overall, the incorporation of CNTs into composite electrodes
plays three major roles: (1) a percolating network of CNTs
avoids the high weight loading associated with conventional
conducting additives such as carbon black;'™ (2) self-supporting
CNT sheets may eliminate the need for metal foil current col-
lecting substrates, without significantly undermining the ESR

and cyclability of electrodes; and (3) CNTs can provide a 3-D
scaffold with tunable macro/mesoporosity for supporting redox-
active pseudo-capacitive materials.

Das et al. prepared porous CNT buckypapers by filtration
using 200 nm polystyrene (PS) spheres as a template to control
porosity in CNT films."”* After removal of the template, these
macroporous (diameter =50 nm) CNT sheets supported RuO,
nanocrystallites and attained a specific capacitance of I715F g™',
which was very close to the theoretical maximum (Fig. 8'7%).
Manganese oxide/CNT and vanadium oxide/CNT composite
electrodes prepared by wet chemistry deposition or electrode-
position of MnO, or Mn;04 and V,0s nanostructures onto CNT
substrates also displayed enhanced electrochemical proper-
ties."™ " For example, an amorphous MnO,/CNT composite
film exhibited an attractive combination of energy density of 100
Wh kg~ at a power density of 5kW kg~ in a Liion electrolyte.'®
Using electrodeposition of a very thin V,0s-xH,O layer onto
CNTs to minimize ion diffusion distances, an amorphous
V,05-xH,O/CNT composite attained an energy density of 851
Wh kg~' at a power density of 125 kW kg~'in a Liion electrolyte,
exceeding both the energy and power capability of conventional
Li ion batteries.'®' An ultrahigh specific capacitance of 1701 F
g ! been reported for NiO, deposited on a CNT based substrate
in an aqueous electrolyte, when normalized to the NiO,
content.”™ CoOOH/CNT multilayer films prepared by alter-
nating electrodeposition of CoOOH nanoflakes and CNTs
reached a specific capacitance of 802 F g=' at 10 mV s™! in an
aqueous electrolyte.'®

The idea of direct deposition of pseudo-capacitive metal oxides
onto CNT networks has been extended to vertically aligned CNT
arrays in order to promote charge transfer and decrease
ESR.1#518¢ CVD-grown CNT arrays have been utilized as
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Fig. 8 (a) SEM image of an etched porous SWNT film, (b) cyclic vol-
tammograms for RuO-/SWNT electrodes of standard, 1x, and 2.5x
underlying SWNT film porosity at a scan rate of 50 mV s~ in 1 M H,S0,,
(¢c) AFM image of RuO, electrodeposited onto a standard dense SWNT
film, (d) integrated current vs. time plots for each RuO,/SWNT electrode
in cycling in the voltage range of 0-1.2 V vs. Ag/AgCl reference electrode.
Reproduced with permission from ref. 173. Copyright 2009 American
Chemical Society.
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substrates for the nucleation of metal oxides during wet chem-
istry synthesis, and the intimate contact at the vertically aligned
CNT and current collector interface has shown to benefit the
ionic and electrical conductivity compared with randomly
distributed CNTs. A high specific capacitance of 784 F g! with
excellent cyclability was achieved in y-MnO, loaded CNT
arrays, when normalized to the MnQO; content.'®

Critical to progress the use of CNTs from the laboratory to the
commercial market is the development of scalable process tech-
nology. For example, a spray-on technique that can be operated
at atmospheric pressure and temperature for upscaling the
fabrication of fully printable and flexible supercapacitor elec-
trodes has been developed.’™ Uniform sheet electrodes with
thickness of 100 nm to 10 wm have been produced in a well-
controlled manner by feeding and atomizing aqueous/organic
suspensions of active materials into fine droplets through a single
nozzle, and then depositing onto a variety of substrates while
simultaneously driving off the liquid solvent. Metal oxide, con-
ducting polymer and CNT based thin film electrodes prepared
via this approach have shown excellent capacitive behaviour,
cycling performance as well as mechanical flexibility and dura-
bility.**'® The scale-up of the spray-on technique has been
demonstrated for 1 m length CNT flexible films deposited onto
polyethylene terephthalate (PET) substrates, as shown in Fig. 9.
This type of roll-to-roll deposition and other emerging
patterning strategies, such as ink-jet printing,'¢>'9*-1%2
imprint lithography'®*~'** and transfer printing'**>" on flexible
substrates represent drastic increases in process throughput
compared with traditional replication processes.

Nonetheless, despite attention devoted to metal oxide/CNT
scaffold composite systems, the high cost of CNTs remains
a major barrier to the widespread uptake of CNT based super-
capacitor technology. As CNTs prices fall, quality (purity) issues
are addressed, and assuming potential environmental concerns
surrounding CNTs are allayed, it is likely CNT based energy
storage devices will become commercially viable in certain
applications.

nano-

3.3.2 Graphene based composite electrodes. Graphene, a 2-D
aromatic monolayer of graphite presents another attractive
carbon material for energy storage. Recent studies have
demonstrated that graphene combines a low electrical resistivity
of 5.1 uf2 em, a high tensile strength of 35 to 41.8 GPa, and a high
surface area up to 100s m* g! (2630 m? g! for single layer of

Fig. 9 Optical images of spray deposited CNT thin film on PET webs.

graphene).?*’2 Current methods to produce graphene include
pyrolysis of suitable precursors, arc evaporation of silicon
carbide, thermal exfoliation of graphitic oxide at high tempera-
ture, chemical reduction of graphene oxide using different
reducing agents, typically hydrazine either in solution or vapor
phase, and exfoliation in organic solvents.?***12 However, these
methods may lead to a degree of aggregation and surface defects
that disrupt the electrical conductivity or specific surface area of
the final products. Exfoliation in the liquid-phase using organic
solvents such as N-methylpyrrolidone has been proven to be
effective producing <5 layer graphene flakes with conductivity
up to 6500 S m ' after annealing in reductive atmosphere,
whereas the yield is considerable low (0.01 mg ml™') and aggre-
gation can be observed upon removal of solvent.*'®

Although high specific capacitances of 190-205 F g=' have
been reported for graphene paper in an aqueous electrolyte,>'**'$
commonly quoted values are generally much lower and are
strongly dependent on the graphene processing routes, the
number of graphene layers, the surface area, the porosity and
the surface functional groups.?**?'**'7 In order to overcome the
aggregation problem of graphene and maintain the high surface
area upon drying, various approaches have been exploited,
among which delamination of graphene sheets through physical
intercalation of metal or metal oxide nanoparticles are very
efficient.?’22° Platinum nanoparticles have been used as
a ‘spacer’ in between graphene sheets, resulting in an increased
surface area of 862 m* g~' for a graphene/Pt composite compared
to dried graphene sheets with a surface area of 44 m?* g '**
Graphene sheets have also been re-assembled in the presence of
carbon nanotubes and fullerenes, allowing for tuning of the
interlayer space of graphene sheets and a doubling of Li ion
storage capability 2?2223

One attractive attribute of graphene in supercapacitors is that
the robust and flexible 2-D graphene sheets can be used to
encapsulate nanostructured materials to inhibit pulverization
and then isolate fragments during charge/discharge cycling, as
illustrated in Fig. 10.2** This approach has been studied for Liion
batteries as well as supercapacitors utilizing pseudo-capacitive
materials.?**?*' Wang er al. reported a free standing graphene/
PANI composite electrode prepared via in situ anodic electro-
deposition that achieved a specific capacitance of 233 F g
without apparent degradation over 1500 cycles (Fig. 112*?). This
composite “paper” electrode showed a high volumetric capaci-
tance of 135 F cm * due to the efficient accommodation of PANI
between the nanoscale thin layers of graphene, outperforming
other carbon composite-based free-standing electrodes. Simi-
larly. in situ polymerization of aniline monomers in the presence
of a graphene/graphene oxide suspension produced composites
with high capacitances exceeding 1000 F g=' in aqueous elec-
trolytes. 23323

3.3.3 Carbon framework based composite electrodes.
Synthesis of carbon frameworks with controllable pore sizes and
volume fractions using “hard” templates such as silica,”*** non-
silica metal oxides,**2* polymer beads***** and AAO
membranes**” provides a more economical route than the use of
CNTs or graphene. Conventional preparation of carbon from
carbonization of natural or synthetic precursors is usually
characterized by a broad and non-controllable pore size

This journal is © The Royal Society of Chemistry 2011
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Fig. 10 Schematic illustration of active materials encapsulated by gra-
phene with various structures and alignments. Reproduced with
permission from ref. 224. Copyright 2009 Royal Society of Chemistry.

distribution on the surface of the carbonaceous powder. In spite
of the complex synthetic methodology and relatively high cost of
synthetic templated carbon frameworks, their use can signifi-
cantly enhance electrochemical performance balancing the
overall area and pore diameter distributions. Similarly to CNTs,
the 3-D porous architectures that can be engineered provide

Retention Ratio / %

Current Density / Ag™'

120

(d) T —

shorter diffusion pathways for ions, an increased number of
active sites for possible charge-transfer reactions, good electrical
conductivity along interconnected walls, and an ideal support
scaffold for pseudo-capacitive materials.!7-2¢1.24%:24%

Zhang et al reported a 3-D ordered macroporous carbon
(3DOMC) framework fabricated with silica spheres which was
then employed as a substrate for electrochemical polymerization
of aniline, as shown in Fig. 12.*** By optimizing the fraction of
deposited PANI in order not to isolate the carbon frame,
a specific capacitance of 352 F g~' was attained in carbon/18 wt%
PANI composites with only 15% degradation over 1000 cycles,
and specific capacitances of nearly 1500 g ' were obtained when
normalized to the PANI content.

Pseudo-capacitive nanostructures confined in mesoporous/
microporous carbon with high surface area and electrolyte acces-
sibility are a good example of the trend in which strategies for
enhanced energy density for supercapacitors using composite
electrodes in asymmetric arrangements converge with those strat-
egies emerging for batteries with enhanced power density.?**2%2

3.4 Three-dimensional current collectors

The current collector is responsible for the transfer of electric
charge to and from the electrode material and consequently
should have high electrical conductivity and low interfacial
electrical resistance to the active electrode material. Additionally,
the current collector must be passive in contact with the elec-
trolyte; provide structural robustness for the electrode; be thin
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Fig. 11 (a) Optical image of a flexible graphene paper, (b) cyclic voltammograms for graphene/PANI composites at scan rates from 2 to 20 mV s 'in |
M H>S04, (c) SEM image of graphene/PANI composites showing the stacked layer-by-layer structure, (d) cycling stability of graphene/PANI
composites with different fractions measured at 50 mV s~'. Reproduced with permission from ref. 232. Copyright 2009 American Chemical Society.
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Fig. 12 SEM images of (a) 3DOMC-PANI-2, (b) 3DOMC-PANI-S5, (c)
3DOMC-PANI-5 and (d) 3DOMC-PANI2-16. (e) Cyclic voltammo-
grams for 3DOM carbon and 3ADOMC-PANI composites at the scan rate
of 5 mV s7' in 1 M H,SO4, () constant current charge-discharge
performance of 3DOM carbon and 3DOMC-PANI composites at 0.5 A
¢ '. Reproduced with permission from ref. 249. Copyright 2010 Amer-
ican Chemical Society.

enough to minimize current collector mass; and flexible enough
to allow handling and assembly into different device topologies.
In 2-D planar geometry supercapacitors, total device mass can be
dominated by the substrate and other inactive components, and
thus undermines the practically realizable volumetric or
geometric energy and power density.?**2% Recent innovations in
the area of micro/nanofabrication, particularly the rapid
advancement of microelectromechanical systems (MEMS)-
fabrication techniques*®*”*** has opened up the possibility of
creating 3-D mesoscopic current collectors. A variety of top-
down and bottom-up approaches such as lithography, etching,
micromachining, self-assembly, epitaxial engineering and probe
microscopy provide a suite of (largely) laboratory tools for
building 3-D current collectors for supercapacitors. These
current collectors may possess small areal 2-D footprint, high 3-
D specific surface area, short ion-diffusion pathways and can
provide concomitant increases in specific energy and power
density when the total device mass is considered. Nevertheless,
high rate/high volume batch fabrication of 3-D nanostructured
energy storage devices poses a challenge for economic produc-
tion, along with consideration of their long-term reliability,
calendar life and defect tolerance.

In terms of supercapacitors that are usually charged/dis-
charged under more stringent high power conditions than
batteries, reductions in internal resistance are important in
minimizing electrode polarization and ohmic heating, that

otherwise diminish the energy density and lead to potentially
disastrous failure and possibly fire. The previously discussed self-
supported 3-D monolithic carbon frameworks, CNT or fabric
nanostructures have been suggested as 3-D current collectors
because they offer low internal resistance and high chemical
resistance. Heat treated carbonaceous aerogel,>**2¢! and polymer
networks®*? can also serve as 3-D supports for metal oxide
nanoparticles or deposited pseudo-capacitive layers.

In addition to 3-D carbon collectors, rigid or flexible Ni and
stainless steel current collectors in the form of porous foams or
meshes are capable of enhancing the specific capacitance and
long-term cycling performance of pseudo-capacitive materials in
the absence of binder and conducting additives.?***** For
example, 3-D thin film supercapacitors that are fully compatible
with microelectromechanical systems have been fabricated by
coating PPy onto Ti current collectors supported on ion etched
or milled nanoscopic Si wafers.?6*?% These supercapacitors have
been suggested to replace, or to be coupled with, a microbattery
or energy harvester to provide peak power in future electronic
applications (Fig. 13%%%). However, metal current collectors
contribute to the inactive, “overhead” mass and packaging more
dramatically than carbon-based current collectors.

4 Nanostructured asymmetric hybrid
supercapacitors

Aqueous alkaline, acid or neutral solution electrolytes offer
particular advantages over organic electrolytes in terms of higher
ionic conductivity, lower cost, lower volatility and lower hazard.
In particular, the lower sensitivity to moisture and O- has the
potential to simplify the production of aqueous supercapacitor
electrodes and devices, their in-service support, and their end-of-
life disposal, offering an overall cost saving versus higher voltage,
higher performing non-aqueous electrolytes. An asymmetric
hybrid supercapacitor incorporating a pseudo-capacitive or
battery-type electrode with an EDLC-type electrode can over-
come the comparatively narrow stable potential window and
limited energy density of aqueous electrolytes and permits an
operating voltage that may approach twice that of EDLCs.

A hybrid supercapacitor is usually where a battery-type elec-
trode (energy source) is combined with an EDLC-type electrode
(power source) in an attempt to provide an increased energy
density while maintaining a high power density. Hybrid super-
capacitors based on alkaline battery-type positive electrodes e.g.
PbO, and NiOOH with carbon negative electrodes in aqueous
electrolytes were initially developed in Russia, providing an
energy density in excess of 10 kW kg ! in an operating potential

@ . (B

Si0,/Si PP
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Solid State
Electrolyte

Fig. 13 (a) Schematic and (b) optical image of 3-D supercapacitor after
polymerization. Reproduced with permission from ref. 265. Copyright
2009 Elsevier.
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range of 0.7-1.8 V.*** Since carbon shifts the hydrogen evolu-
tion towards potentials below the nominal thermodynamic
value, when coupled with pseudo-capacitive metal oxides pos-
sessing high oxygen over-potential such as RuO, and MnO», the
resulting electrochemical stability windows can be widened to ca.
2V 2729 Qu et al. achieved a promising energy density above 20
Wh kg ' at 2 kW kg' with excellent cycling life by combining
one-dimensional (1-D) MnQO, or V,05 nanostructured cathodes
with activated carbon anodes in a K,SO, aqueous electro-
lyte,®*"® while a hierarchical porous supercapacitor comprising
nanostructured NiO cathodes and carbon anodes attained an
impressive energy density of 10 Wh kg ' at a high power density
of 10 kW kg '.*""

The reversibility and cyclability of hybrid supercapacitors is
highly dependent on the depth of discharge and capacity reten-
tion of the redox-based electrodes. In this sense, the rate capa-
bility and cycling performance could be improved considerably
upon introduction of CNTs to the pseudo-capacitive materials in
hybrid supercapacitors, for example, an aqueous hybrid super-
capacitor based on a Ni(OH),/MWNT composite cathode and
activated carbon anode achieved an energy density of 32 kW kg™
at a power density of 1.5 kW kg ' with no apparent degradation
over 2000 cycles.?™

As previously described, the desirability of higher operating
voltage (and therefore energy density) for supercapacitors has led
to the employment of Li ion based organic electrolytes with an
electrochemical stability window of up to 2.5-2.8 V. The slightly
sluggish charge-transfer kinetics, lower ionic conductivity and
larger size of solvated ions of these organic electrolytes is
balanced by the increased operating voltage, with energy
capacity able to exceed 50 Wh kg '. Battery-type cathodes
including both lithium-rich compounds with high insertion
potentials and layered or tunnel binary metal oxides with more
open lattices are emerging as the two major categories of cath-
odes for these non-aqueous supercapacitors.?’*2" While hybrid
designs consisting of nanostructured insertion cathodes and
activated carbon or CNT anodes have shown high energy
densities comparable with that of conventional Li ion batteries,
these arrangements may suffer from a lack of reversibility and
cyclability particularly at high charge/discharge rates because of
the distortion of the host oxide lattices on Li ion insertion/
extraction and the formation of the solid electrolyte interface
(SEI), as reported for Li ion batteries.?’”2™ In many cases, the
theoretical operating voltage and depth of discharge needs to be
reduced in practice, at the expense of energy and power density,
in order not simply to turn a supercapacitor into a mediocre
battery.

As mentioned earlier, one strategy to reduce the damaging
insertion strains is the use of 1-D nanowires and nanotubes that
accommodate volume changes more tolerably.'s%!89280-286 3.1
ordered mesoporous architectures that have been studied in
battery cathodes may offer another solution to suppress the
possible lattice transformation of supercapacitor cathodes by
ensuring an even contact between the electrode and electrolyte,
a short Li ion diffusion path and better accommodation of
volume expansion-contraction. Fig. 14 shows an ordered porous
MnO, structure with highly crystalline walls fabricated by
impregnating a Mn(NQO3), solution into a mesoporous silica
template followed by calcination.® The thin walls not only

provided high contact area and short diffusion distances for Li
ion insertion/extraction, but also inhibited the cooperative Jahn—
Teller effect in which the cubic spinel crystalline structure of -
MnQ, transforms to inactive tetragonal and leads to subsequent
capacity fading. The highly ordered porous structure accom-
modated a large amount of Li ions reversibly as shown in
Fig. 13(c) and (d) and therefore could be safely cycled between
4520V.

Titanium oxides represent another group of thermodynami-
cally stable anodes having no passivation layer and thus could be
utilized to replace carbon anodes delivering fast Li ion insertion/
extraction and eliminating Li plating. Hybrid systems based on
a carbon or conducting polymer cathode and a nanostructured
Li4TisO;> anode in a Li ion containing electrolyte achieved an
energy density of above 20 Wh kg~' along with high reversibility
and fast kinetics comparable to that of EDLCs. " Hybrid
supercapacitors with carbon cathodes and brookite TiO, anodes
boosted the energy density further to 50-80 Wh kg ! in the power
density range 240-300 W kg'.2!

In view of rapid recent progress in this field, it seems likely, at
least at the laboratory scale, that with careful optimization of the
hybrid device parameters such as the thickness and mass of active
materials, nanostructured hybrid supercapacitors will provide
a power-energy density balance that fills the gap between Li ion
batteries and conventional EDLCs. Table 2 summarizes various
reported aqueous and non-aqueous based nanostructured hybrid
supercapacitor arrangements with energy and power densities
derived from eqn (4).

5 Conclusions and future perspective

In this review we have described recent advances in pseudo-
capacitive nanomaterials for electrochemical supercapacitor

Fig. 14 TEM images of mesoporous B-MnOs (a, b) as-prepared and (c,
d) after first discharge. Reproduced with permission from ref. 287.
Copyright 2007 Wiley.
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Table2 Comparative performance of nanostructured asymmetric supercapacitors reported in the literature. NP: nanoparticle; AC: activated carbon; PFPT: poly(fluorophenythiophene); aq: aqueous;

EC: ethylene carbonate; DEC: diethyl carbonate; DMC: dimethyl carbonate
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applications and have shown that nanoscale approaches are
playing a key role in the progression of the technology. Nano-
scale engineering is being applied to achieve elegant material and
device configurations that offer a hitherto unachievable balance
of energy and power characteristics at the laboratory scale. The
beneficial use of nanoscale effects in electrochemical energy
storage include: (1) a reduction in the dimensions of electrode
materials that increases the electrode/electrolyte contact area per
unit mass significantly, providing more ion adsorption sites for
double-layer formation and charge-transfer reactions; (2)
a reduction in ionic diffusion distances that improves high rate
charge/discharge capability, including the use of three-dimen-
sional nano/meso-architectures; (3) a greater tolerance to the
otherwise pulverizing volumetric changes upon ion insertion/
extraction and other reactions; and (4) the potential to achieve
unusual multi-functionality such as low weight, transparency
and flexibility.

Amongst pseudo-capacitive redox active materials, metal
oxides are predominant. Technologies for well-controlled growth
of metal oxide nanostructures have been established and provide
the building blocks to construct nanoscale electrode configura-
tions with optimized morphology, porosity, crystallinity and
wetting characteristics. In particular, interpenetrated or verti-
cally aligned 1-D wire-like, tubular and 3-D mesoporous topol-
ogies offer a low diffusion barrier, a high areal density of active
surface sites and a high strain tolerance.

Carbon-based materials are anticipated to continue to be an
important component of commercial supercapacitors because
they are efficient stabilizers and substrates for pseudo-capacitive
materials and are available in a rich variety of morphologies and
surface conditions. The technological use of CNTs or even gra-
phene in supercapacitors is likely to first occur as a minority, low
volume fraction additive to composite electrodes. Free-standing
CNT electrodes can also be envisaged if manufacturing costs can
be reduced significantly.

The many device configurations afforded by nanostructured
hybrid supercapacitors involving asymmetric and/or organic
electrolyte configurations provides a wide scope to develop
devices that can compete with commercial supercapacitors and
batteries for particular energy density-power density combina-
tions.

The incumbent, industrialized supercapacitor technology
based on activated carbon electrodes provides a stiff test for any
emerging supercapacitor technology in terms of cost, cyclability
and ease of manufacture. Cost-effective processing, assembly
and packaging remains a major barrier for practical imple-
mentation of nanostructured materials. Therefore, increasing
emphasis should be placed on nanoscale material-process
combinations that offer the potential for cost-effective mass
production if market penetration is to be achieved.

References

1 M. Winter and R. J. Brodd, Chem. Rev., 2004, 104, 4245,

2 V. 8, Arunachalam and E. L. Fleischer, MRS Bull., 2008, 33, 261.

3 M. Armand and J.-M. Tarascon, Nature, 2008, 451, 652.

4 I. Tollefson, Nature, 2008, 456, 436.

5 M. Z. Jacobson, Energy Environ. Sci., 2009, 2, 148.

6 J. Baxter, Z. Bian, G. Chen, D. Danielson, M. S. Dresselhaus,
A. G. Fedorov, T. S. Fisher, C. W. Jones, E. Maginn,

This journal is © The Royal Society of Chemistry 2011

Nanoscale, 2011, 3, 839-855 | 851



Downloaded by NANJING UNIVERSITY on 06 September 2012
Published on 20 January 2011 on http://pubs.rsc.org | doi:10.1039/CONR00594K

View Online

U. Kortshagen, A. Manthiram, A. Nozik, D. R. Rolison, T. Sands,
L. Shi, D. Sholl and Y. Wu, Energy Environ. Sci., 2009, 2, 559.

7 B. K. Hodge, Alternative Energy Systems and Applications, John
Wiley & Sons Inc., 2010.

8 W. J. Sarjeant, J. Zirnheld and F. W. MacDougall, TEEE Trans.
Plasma Sei., 1998, 26, 1368,

9 1. W. Clelland, R. A. Price and W. J. Sarjeant, I[EEE Conference
Record of the 2000 24th International Power Modulator
Symposium, Norfolk, 2000, 145.

10 Q. Tan, P. Irwin and Y. Cao, IEEJ Trans. Fundam. Mater., 2006,
126, 1153.

11 I. W. Clelland and R. A. Price, Technical Bulletin 3.99 A, Paktron
Division of Illinois Tool Works Inc., 1999.

12 A. S. Arico. P. Bruce, B. Scrosati,
W. V. Schalkwijk, Nat. Mater., 2005, 4, 366.

13 C. Jang, E. Hosono and H. Zhou, Nano Today, 2006, 1, 28.

14 P. G. Bruce, B. Scrosati and J.-M. Tarascon, Angew. Chem., Int. Ed.,
2008, 47, 2930.

15 Y.-G. Guo, J.-S. Hu and L.-J. Wan, Adv. Mater., 2008, 20, 2878.

16 P. Simon and Y. Gogotsi, Nat. Mater., 2008, 7, 845,

17 D. R. Rolison, J. W. Long, J. C. Lytle, A. E. Fischer, C. P. Rhodes,
T. M. McEvoy. M. E. Bourg and A. M. Lubers, Chem. Soc. Rev.,
2009, 38, 226.

18 Y. Wang, H. Li, P. He, E. Hosono and H. Zhou, Nanoscale, 2010, 2,
1294.

19 A. G. Pandolfo and A. F. Hollenkamp, J. Power Sources, 2006, 157,
I1.

20 L. L. Zhang and X. S. Zhao, Chem. Soc. Rev., 2009, 38, 2520.

21 D. 8. Su and R. Schlégl, ChemSusChem, 2010, 3, 136,

22 P.J. Hall, M. Mirzaeian, S. I. Fletcher, F. B. Sillars, A. J. R. Rennie,
G. O. Shitta-Bey, G. Wilson, A. Cruden and R. Carter, Energy
Environ. Sei., 2010, 3, 1238.

23 H. Chen, T. N. Cong, W. Yang, C. Tan, Y. Li and Y. Ding, Prog.
Nat. Sei., 2009, 19, 291.

24 S. K. Bhattacharya and R. R. Tummala, J. Mater. Sci.: Mater.
Electron., 2000, 11, 253.

25 H. Windlass, P. M. Raj, D. Balaraman, S. K. Bhattacharya and
R. R. Tummala, [EEE Trans. Electron. Packag. Manuf., 2003, 26,
100.

26 P. Kim, S. C. Jones, P. J. Hotchkiss, J. N. Haddock, B. Kippelen,
S. R. Marder and J. W. Perry, Adv. Mater., 2007, 19, 1001.

27 M. Arbatti, X. Shan and Z. Cheng, Adv. Mater., 2007, 19, 1369.

28 Z. Dang, L. Wang, Y. Yin, Q. Zhang and Q. Lei, Adv. Mater., 2007,
19, 852.

29 J. Luand C. P. Wong, IEEE Trans. Dieleetr. Electr. Insul., 2008, 15,
1322,

30 B. E. Conway, Electrochemical Supercapacitors: Scientific
Fundamentals and Technological Applications, Kluwer Academic/
Plenum Publishers, New York, 1999,

31 S. Hadzi-Jordanov, H. Angerstein-Kozlowska, M. Vukovic and
B. E. Conway, J. Electrochem. Soc., 1978, 125, 1471.

32 B. E. Conway and J. Mozota, Electrochim. Acta, 1983, 28, 1.

33 B. E. Conway, J. Electrochem. Soc., 1991, 138, 1539.

34 http://www.mpoweruk.com/performance.htm.

35 A. Burke, J. Power Sources, 2000, 91, 37.

36 J. R. Miller and A. F. Burke, J. Electrochem. Soc. Interface, 2008, 1,
53.

37 J. R. Miller and P. Simon, Science, 2008, 321, 651.

38 http://www.nuin.co.kr.

39 P. Harrop and H. Zervos, Batteries, Supercapacitors, Alternative
Storage for Portable Devices 2009-2019, IDTechEX, 2009.

40 T. Ryhidnen, M. A. Uusitalo, O. Ikkala and A. Kirkkiinen,
Nanotechnologies for Future Mobile Devices, Cambridge University
Press, 2010.

41 A. J. Bard and L. R. Faulkner, Electrochemical Methods:
Fundamentals and Applications, John Wiley & Sons Inc., 2001.

42 Y. M. Vol'fkovich and T. M. Serdyuk, Russ. J. Electrochem., 2002,
38(9), 935.

43 Y. Gogotsi, Nanomaterials Handbook, Taylor & Francis Group,
2006.

44 J. P. Zheng, P. J. Cygan and T. R. Jow, J. Electrochem. Soc., 1995,
142, 2699.

45 C.-C. Hu and W.-C. Chen, Electrochim. Acta, 2004, 49, 3469.

46 C.-C. Hu, K.-H. Chang, M.-C. Lin and Y.-T. Wu, Nano Lett., 2006,
6. 2690.

J.-M. Tarascon and

47 W. Dmowski, T. Egami, K. E. Swider-Lyons, C. T. Love and
D. R. Rolison, J. Phys. Chem. B, 2002, 106, 12677.

48 T. P. Gujar, V. R. Shinde, C. D. Lokhande, W.-Y. Kim, K.-D. Jung
and O.-S, Joo, Electrochem. Commun., 2007, 9, 504,

49 C. Sassoye, C. Laberty, H. L. Khanh, S. Cassaignon, C. Boissiere,
M. Antonietti and C, Sanchez, Adv. Funct. Mater., 2009, 19, 1922,

50 Y.-F. Ke, D.-S. Tsai and Y.-S. Huang, J. Mater. Chem., 2005, 15,
2129,

51 W. Sugimoto, H. Iwata, Y. Yasunaga, Y. Murakami and Y. Takasu,
Angew. Chem., Int. Ed., 2003, 42, 4092.

52 Y. Wang, C. Y. Foo, T. K. Hoo, M. Ng and J. Lin, Chem.—Eur. J.,
2010, 16, 3598.

53 J. W. Long, K. E. Swider, C. I. Merzbacher and D. R. Rolison,
Langmuir, 1999, 15, 780.

54 P. Soudan, J. Gaudet, D. Guay, D. Blanger and R. Schulz, Chem.
Mater., 2002, 14, 1210.

55 N.-L. Wu, Mater. Chem. Phys., 2002, 75, 6.

56 B. Gao, X. Zhang, C. Yuan, J. Li and L. Yu, Electrochim. Acta,
2006, 52, 1028.

57 1. Zang, S.-I. Bao, C. M. Li, H. Bian, X. Cui, Q. Bao, C. Q. Sun,
J. Guo and K. Lian, J. Phys. Chem. C, 2008, 112, 14843.

58 Y. Lin, N. Zhao, W. Nie and X. Ji, J. Phys. Chem. C, 2008, 112,
16219.

59 B. Ammundsen and J. Paulsen, Adv. Mater., 2001, 13, 943,

60 G.-A. Nazri and G. Pistoia, Lithium Batteries: Science and
Technology, Springer, 2003,

61 M. M. Thackeray, S.-H. Kang, C. S. Johnson, J. T. Vaughey,
R. Benedek and S. A. Hackney, J. Mater. Chem., 2007, 17, 3112.

62 Y. Wang and G. Cao, Adv. Mater., 2008, 20, 2251.

63 J. Chen and F. Cheng, Acc. Chem. Res., 2009, 42, 713.

64 A, Debart, A. J. Paterson, J. Bao and P. G. Bruce, Angew. Chem.,
Int. Ed., 2008, 47, 4521.

65 F. Cheng, J. Shen, W. Ji, Z. Tao and J. Chen, ACS Appl. Mater.
Interfaces, 2009, 1, 460.

66 S. Lee, B. Choi, N. Hamasuna, C. Fushimi and A. Tsutsumi,
J. Power Sources, 2008, 181, 177.

67 H.Jiang, T. Zhao, C. Yan, J. Ma and C. Li, Nanoscale, 2010, 2, 2195.

68 F. Cheng, J. Zhao, W. Song, C. Li, H. Ma, J. Chen and P. Shen,
Inorg. Chem., 20006, 45, 2038.

69 S. Devaraj and N. Munichandraiah, J. Phys. Chem. C, 2008, 112,
4406.

70 O. Ghodbane, J.-L. Pascal and F. Favier, ACS Appl. Mater.
Interfaces, 2009, 1, 1130.

71 M. Toupin, T. Brousse and D. Belanger, Chem. Mater., 2002, 14,
3946.

72 V. Subramanian, H. Zhu, R. Vajtai, P. M. Ajayan and B. Weli,
J. Phys. Chem. B, 2005, 109, 20207.

73 M. Nakayama, T. Kanaya and R. Inoue, Electrochem. Commun.,
2007, 9, 1154.

74 C. Yu, L. Zhang, J. Shi, J. Zhao, J. Gao and D. Yan, Adv. Funct.
Mater., 2008, 18, 1544.

75 X. Zhang, W. Yang and D. G. Evans, J. Power Sources, 2008, 184,
695.

76 E. Beaudrouet, A. L. G. L. Salle and D. Guyomard, Electrochim.
Aeta, 2009, 54, 1240.

77 W. Xiao, H. Xia, J. Y. H. Fuh and L. Lu, J. Power Sources, 2009,
193, 935.

78 M. Toupin, T. Brousse and D. Belanger, Chem. Mater., 2004, 16,
3184.

79 Z.-P. Feng, G.-R. Li, J.-H. Zhong, Z.-L. Wang, Y.-N. Ou and Y .-
X. Tong, Electrochem. Comnum., 2009, 11, 706.

80 K. R. Prasad and N. Miura, Electrochem. Commun., 2004, 6, 1004.

81 T. Cottineau, M. Toupin, T. Delahaye, T. Brousse and D. Bélanger,
Appl. Phys. A: Mater. Sci. Process., 2006, 82, 599.

82 Q. Qu. P. Zhang, B. Wang, Y. Chen, S. Tian, Y. Wu and R. Holze,
J. Phys. Chem. C, 2009, 113, 14020.

83 N.-L. Wu, S.-Y. Wang, C.-Y. Han, D.-S. Wu and L.-R. Shiue,
J. Power Sources, 2003, 113, 173.

84 S.-Y. Wang and N.-L. Wu, J. Appl. Electrochem., 2003, 33, 345,

85 S.-Y. Wang, K.-C. Ho, S.-L. Kuo and N.-L. Wu, J. Electrochem.
Soc., 2006, 153, A75.

86 Z. J. Zhang, X. Y. Chen, B. N. Wang and C. W. Shi, J. Cryst.
Growth, 2008, 310, 5453.

87 S. Radhakrishnan, S. Prakash, C. R. K. Rao and M. Vijayan,
Electrochem. Solid-State Lett., 2009, 12, A84.

852 | Nanoscale, 2011, 3, 839-855

This journal is © The Royal Society of Chemistry 2011



Downloaded by NANJING UNIVERSITY on 06 September 2012
Published on 20 January 2011 on http://pubs.rsc.org | doi:10.1039/CONR00594K

View Online

88 X. Du, C. Wang, M. Chen, Y. Jiao and J. Wang, J. Phys. Chem. C,
2009, 113, 2643.

89 X. Zhao, C. Johnston, A. Crossley and P. S. Grant, J. Mater. Chem.,
2010, 20, 7637.

90 K. W. Chung, K. B. Kim, S.-H. Han and H. Lee, Electrochem. Solid-
State Lett., 2005, 8, A259.

91 J. S. Sakamoto and B. Dunn, J. Electrochem. Soc., 2002, 149,
A26.

92 Y. Wang and G. Cao, Chem. Mater., 2006, 18, 2787.

93 Y. Li, T. Kunitake and Y. Aoki, Chem. Mater., 2007, 19, 575.

94 X. Li, W. Li, H. Ma and J. Chen, J. Electrochem. Soc., 2007, 154,
A39.

95 G. Armstrong, J. Canales, A. R. Armstrong and P. G. Bruce,
J. Power Sources, 2008, 178, 723.

96 A. V. Murugan, J. Power Sources, 2006, 159, 312.

97 C. O'Dwyer, V. Lavayen, D. A. Tanner, S. B. Newcomb,
E. Benavente, G. Gonziler and C. M. Sotomayor Torres, Adv.
Funct. Mater., 2009, 19, 1736,

98 L. Mai, B. Hu, W. Chen, Y. Qi, C. Lao, R. Yang, Y. Dal and
Z. L. Wang, Adv. Mater., 2007, 19, 3712.

99 S.-H. Lee, Y.-H. Kim, R. Deshpande, P. A. Parilla, E. Whitney,
D. T. Gillaspie, K. M. Jones, A. H. Mahan, S. Zhang and
A. C. Dillon, Adv. Mater., 2008, 20, 3632.

100 L. C. Yang, Q. S. Gao. Y. H. Zhang, Y. Tang and Y. P. Wu,
Electrochem. Comumun., 2008, 10, 118.

101 C. M. Huang, C. C. Hu, K. H. Chang, J. M. Li and Y. F. Li,
J. Electrochem. Soc., 2009, 156, A667.

102 T. Brezesinski, J. Wang, S. H. Tolbert and B. Dunn, Nat. Mater.,
2010, 9, 146.

103 Y. Wang, K. Takahashi, K. H. Lee and G. Z. Cao, Adv. Funct.
Mater., 2006, 16, 1133.

104 A.C. Santulli, W. Xu, J. B. Parise, L. Wu, M. C. Aronson, F. Zhang,
C. Y. Nam, C. T. Black, A. L. Tiano and S. S. Wong, Phys. Chem.
Chem. Phys., 2009, 11, 3718.

105 N. Nagarajan and 1. Zhitomirsky, J. Appl. Electrochem., 2006, 36,
1399.

106 M.-S. Wu, R.-H. Lee, J.-J. Jow, W.-D. Yang, C.-Y. Hsieh and
B.-J. Weng, Electrochem. Solid-State Lett., 2009, 12, Al.

107 M. Mallouki, F. Tran-Van, C. Sarrazin, C. Chevrot and
J. F. Fauvarque, Electrochim. Acta, 2009, 54, 2992.

108 F. Fabregat-Santiago, 1. Mora-Ser, G. Garcia-Belmonte and
1. Bisquert, J. Phys. Chem. B, 2003, 107, 758.

109 Q. Wang, Z. Wen and J. Li, Adv. Funct. Mater., 2006, 16, 2141.

110 D.-W. Wang, H.-T. Fang, F. Li, Z.-G. Chen, Q.-S. Zhong, G. Q. Lu
and H.-M. Cheng, Adv. Funct. Mater., 2008, 18, 3787.

111 S.-J. Bao, C. M. Li, J.-F. Zang, X.-Q. Cui, Y. Qiao and J. Guo, Adv.
Funct. Mater., 2008, 18, 591.

112 K. R. Prasad and N. Miura, Electrochem. Commun., 2004, 6, 849.

113 R. K. Selvan, I. Perelshtein, N. Perkas and A. Gedanken, J. Phys.
Chem. C, 2008, 112, 1825.

114 S.-L. Kuo and N.-L. Wu, Electrochem. Solid-State Lett., 2007, 10,
AlT71.

115 S.-L. Kuo, J.-F. Lee and N.-L. Wu, J. Electrochem. Soc., 2007, 154,
A34.

116 M.-T. Lee, J.-K. Chang and W.-T. Tsai, J. Electrochem. Soc., 2007,
154, A875.

117 M.-T. Lee, J.-K. Chang, Y.-T. Hsieh and W.-T. Tsai, J. Power
Sources, 2008, 185, 1550.

118 L. Kavan, M. Kalba¢, M. Zukalovd, I. Exnar, V. Lorenzen,
R. Nesper and M. Graetzel, Chem. Mater., 2004, 16, 477.

119 A. R. Armstrong, G. Armstrong, J. Canales, R. Garcia and
P. G. Bruce, Adv. Mater., 2005, 17, 862.

120 G. Armstrong, A. R. Armstrong, P. G. Bruce, P. Reale and
B. Scrosati, Adv. Mater., 2006, 18, 2597.

121 S. K. Cheah, E. Perre, M. Rooth, M. Fondell, A. Harsta,
L. Nyholm, M. Boman, T. Gustafsson, J. Lu, P. Simon and
K. Edstrom, Nano Lett., 2009, 9, 3230.

122 D. Dambournet, I. Belharouak and K. Amine, Chem. Mater., 2010,
22: 11.73.

123 Y. Xie, L. Zhou, C. Huang, H. Huang and J. Lu, Electrochim. Acta,
2008, 53, 3643.

124 F. Tao, Y. Shen, Y. Liang and H. Li, J. Solid State Electrochem.,
2007, 11, 853.

125 F. Fusalba, P. Gouérec, D. Villers and D. Bélanger, J. Electrochem.
Soc., 2001, 148, Al.

126 Y.-K. Zhou, B.-L. He, W.-J. Zhou, J. Huang, X.-H. Li, B. Wu and
H.-L. Li, Electrochim. Acta, 2004, 49, 257.

127 B. Dong, B.-L. He, C.-L. Xuand H.-L. Li, Mater. Sci. Eng., B, 2007,
143, 7.

128 C. Arbizzani, M. Mastragostino and L. Meneghello, Electrochim.
Acta, 1996, 41, 21.

129 K. H. An, K. K. Jeon, J. K. Heo, S. C. Lim, D. J. Baecand Y. H. Lee,
J. Electrochem. Soc., 2002, 149, A1058.

130 C. Zhou, S. Kumar, C. D. Doyle and J. M. Tour, Chem. Mater.,
2005, 17, 1997.

131 T. Liu, T. V. Sreekumar, S. Kumar, R. H. Hauge and R. E. Smalley,
Carbon, 2003, 41, 2427.

132 Y.-K. Zhou, B.-L. He, W.-J. Zhou and H.-L. Li, J. Electrochem.
Soc., 2004, 151, A1052.

133 H. M1, X. Zhang, S. An, X. Ye and S. Yang, Electrochem. Commun.,
2007, 9, 2859.

134 C. Meng, C. Liu and S. Fan, Electrochem. Commun., 2009, 11, 186.

135 J. Wang. Y. Xu, X. Chen and X. Sun, Compos. Sci. Technol., 2007,
67, 2981.

136 1. E. Fischer, H. Dai, A. Thess, R. Lee, N. M., Hanjani, D. L. Dehaas
and R. E. Smalley, Phys. Rev. B: Condens. Matter, 1997, 55, R4921.

137 T. W. Ebbesen, H. J. Lezec, H. Hiura, J. W. Bennett, H. F. Ghaemi
and T. Thio, Nature, 1996, 382, 54.

138 J.-P. Salvetat, G. A. D. Briggs, J.-M. Bonard, R. R. Bacsa,
A. J. Kulik, T. Stockli, N. A. Burnham and L. Forré, Phys. Rev.
Lett., 1999, 82, 944,

139 T. W. Tombler, C. Zhou, L. Alexseyev, J. Kong, H. Dai, L. Liu,
C. S. Jayanthi, M. Tang and S.-Y. Wu, Narure, 2000, 405, 769.

140 D. A. Walters, L. M. Ericson, M., J. Casavant, J, Liu, D. T, Colbert,
K. A. Smith and R. E. Smalley, Appl. Phys. Lett., 1999, 74, 3803.

141 B. G. Demczyk, Y. M. Wang, J. Cumings, M. Hetman, W. Han,
A. Zettl and R. O. Ritchie, Mater. Sci. Eng. A, 2002, A334, 173.

142 E. Frackowiak and F. Béguin, Carbon, 2001, 39, 937.

143 C. Niu, E. K. Sichel, R. Hoch, D. Moy and H. Tennent, Appl. Phys.
Lett., 1997, 70, 1480.

144 C. Du and N. Pan, Nanotech. Law Business, 2007, 4, 3.

145 M. Daenen, R. D. de Fouw, B. Hamers, P. G. A. Janssen,
K. Schouteden and M. A. J. Veld, The Wondrous World of Carbon
Nanotubes: a Review of Current Carbon Nanotube Technologies,
Eindhoven University of Technology, 2003.

146 Z. Tang and P. Sheng, Nanoscale Phenomena: Basic Science to
Device Applications (Lecture Notes in Nanoscale Science and
Technology ), Springer, 2008.

147 C. G. Liu, M. Liu, F. Li and H. M. Cheng, Appl. Phys. Lett., 2008,
92, 143108.

148 K. H. An, K. K. Jeon, W. S. Kim, Y. S. Park, S. C. Lim, D. J. Bae
and Y. H. Lee, J. Korean Phys. Soc., 2001, 39, S511.

149 S. Shiraishi, H. Kurihara, K. Okabe, D. Hulicova and A. Oya,
Electrochem. Commun., 2002, 4, 593.

150 E. Frackowiak, K. Jurewicz, S. Delpeux and F. Béguin, J. Power
Sources, 2001, 97-98, 822.

151 E. Frackowiak, K. Metenier, V. Bertagna and F. Béguin, Appl. Phys.
Lett., 2000, 77, 2421.

152 D. Wang, P. Song, C. Liu, W. Wu and S. Fan, Nanotechnology, 2008,
19, 075609.

153 1. Y. Jang, H. Muramatsu, K. C. Park, Y. J. Kim and M. Endo,
Electrochem. Commun., 2009, 11, 719.

154 E. Frackowiak, S. Delpeux, K. Jurewicz, K. Szostak, D. Cazorla-
Amoros and F. Béguin, Chem. Phys. Lett., 2002, 361, 35.

155 Q. Jiang, M. Z. Qu, G. M. Zhou, B. L. Zhang and Z. L. Yu, Mater.
Lett., 2002, 57, 988.

156 Y.-T. Kim, Y. Ito, K. Tadai, T. Mitani, U.-S. Kim, H.-S. Kim and
B.-W. Cho, Appl. Phys. Leti., 2005, 87, 234106.

157 C. Du, J. Yeh and N. Pan, J. Mater. Chem., 2005, 15, 548.

158 C. Du and N. Pan, J. Power Sources, 2006, 160, 1487.

159 V. L. Pushparaj, M. M. Shaijumon, A. Kumar, S. Murugesan, L. Ci,
R. Vajtai, R. J. Linhardt, O. Nalamasu and P. M. Ajayan, Proc.
Natl, Acad. Sci. U. S. A., 2007, 104, 13574,

160 J. Chen, A. I. Minett, Y. Liu, C. Lynam, P. Sherrell, C. Wang and
G. G. Wallace, Adv. Mater., 2008, 20, 566.

161 M. Kaempgen, C. K. Chan, J. Ma, Y. Cui and G. Griiner, Nano
Lett., 2009, 9(5), 1872.

162 M. Cochet, W. K. Maser, A. M. Benito, M. A. Callejas,
M. T. Martinez, J.-M. Benoit, J. Schreiber and O. Chauvet, Chem.
Commun., 2001, (16), 1450,

This journal is © The Royal Society of Chemistry 2011

Nanoscale, 2011, 3, 839-855 | 853



Downloaded by NANJING UNIVERSITY on 06 September 2012
Published on 20 January 2011 on http://pubs.rsc.org | doi:10.1039/CONR00594K

View Online

163 H. Zengin, W. Zhou, I. Jin, R. Czerw, D. W. Smith, L. Echegoyen,
D. L. Carroll, S. H. Foulger and J. Ballato, Adv. Mater., 2002, 14,
1480.

164 N. Ferrer-Agnlada, M. Kaempgen and S. Roth, Phys. Sratus Solidi
B, 2006, 243(13), 3519.

165 W. R, Small, F. Masdarolomoor, G. G. Wallace and M. Panhuis, J.
Mater. Chem., 2007, 17, 4359.

166 T. Sekitani, H. Nakajima, H. Maeda, T. Fukushima, T. Aida,
K. Hata and T. Someya, Nat. Mater., 2009, 8, 494.

167 S. De, P. E. Lyons, S. Sorel, E. M. Doherty, P. J. King, W. J. Blau,
P. N. Nirmalraj, J. J. Boland, V. Scardaci, J. Joimel and
J. N. Coleman, ACS Nano, 2009, 3, 714.

168 S. R. Shin, C. K. Lee, I. So, J.-H. Jeon, T. M. Kang, C. Kee,
S. I Kim, G. M. Spinks, G. G. Wallace and S. J. Kim. Adv.
Mater., 2008, 20, 466.

169 O. N. Kalugin, V. V. Chaban, V. V. Loskutov and O. V. Prezhdo.
Nano Lett., 2008, 8, 2126.

170 J.-M., Tarascon, Nat. Nanotechnol., 2009, 4, 341,

171 A. L. M. Reddy and S. Ramaprabhu, J. Phys. Chem. C, 2007, 111,
7727,

172 B. J. Landi, M. J. Ganter, C. D. Cress, R. A. DiLeo and
R. P. Raffaelle, Energy Environ. Sci., 2009, 2, 638.

173 R. K. Das, B. Liu, J. R. Reynolds and A. G. Rinzler, Nano Lett.,
2009, 9, 677.

174 V. Subramanian, H. Zhu and B. Wei, Electrochem. Commun., 2006,
8, 827.

175 H. Zhang, G. Cao, Z. Wang, Y. Yang, Z. Shi and Z. Gu, Nano Lett.,
2008, 8, 2664.

176 G. An, P. Yu, M. Xiao, Z. Liu, Z. Miao, K. Ding and L. Mao,
Nanotechnology, 2008, 19, 275709.

177 S.-L. Chou, J.-Z. Wang, S.-Y. Chew, H.-K. Liu and S.-X. Dou,
Electrochem. Commun., 2008, 10, 1724,

178 L. Hu, M. Pasta, F. L. Mantia, L. Cui, S. Jeong, H. D. Deshazer,
J. W. Choi, S. M. Han and Y. Cui, Nano Lett., 2010, 10, 708.

179 S. W. Lee, J. Kim, S. Chen, P. T. Hammond and Y. Shao-Horn,
ACS Nano, 2010, 4, 3889.

180 K.-W. Nam, C.-W. Lee, X.-Q. Yang, B. W. Cho, W.-S. Yoon and
K.-B. Kim, J. Power Sources, 2009, 188, 323.

181 I.-H. Kim, J.-H. Kim, B.-W. Cho and K.-B. Kim, J. Electrochem.
Soc., 2006, 153, A1451.

182 I.-H. Kim, J.-H. Kim, B.-W. Cho, Y.-H. Lee and K.-B. Kim, J.
Electrochem. Soc., 20006, 153, A989.

183 K.-W. Nam, K.-H. Kim, E.-5. Lee, W.-S. Yoon, X.-Q. Yang and K.-
B. Kim, J. Power Sources, 2008, 182, 642,

184 H. Zheng, F. Tang, M. Lim, T. Rufford, A. Mukherji, L. Wang and
G. Lu, J. Power Sources, 2009, 193, 930.

185 H. Zhang, G. Cao, Z. Wang, Y. Yang, Z. Shi and Z. Gu, Nane Lett.,
2008, 8, 2664.

186 A. L. M. Reddy, M. M. Shaijumeon, S. R. Gowda and P. M. Ajayan,
J. Phys. Chem. C, 2010, 114, 658.

187 Z. Fan, J. Chen, B. Zhang, B. Liu, X. Zhong and Y. Kuang,
Diamond Relat. Mater., 2008, 17, 1943,

188 X. Zhao, B. T. T. Chu, B. Ballesteros, W. Wang, C. Johnston,
J. M. Sykes and P. S. Grant, Nanotechnology, 2009, 20, 065603,

189 X. Zhao, C. Johnston and P. S. Grant, J. Mater. Chem., 2009, 19,
8755.

190 K. Kordas, T. Mustonen, G. Té6th, H. Jantunene, M. Lajunen,
C. Soldano, S. Talapatra, S. Kar, R. Vajtai and P. M. Ajayan,
Small, 2006, 2, 1021.

191 S. Wang, P. K. Ang, Z. Wang, A. L. L. Tang, J. T. L. Thong and
K. P. Loh, Nano Lett., 2010, 10, 92.

192 M. Ha, Y. Xia, A. A. Green, W. Zhang, M. J. Renn, C. H. Kim,
M. C. Hersam and C. D. Frisbie, ACS Nano, 2010, 4, 4388.

193 H. Tan, A. Gilbertson and S. Y. Chou, J. Vac. Sci. Technol., B, 1998,
16, 3926.

194 S. H. Ahn and L. J. Guo, Adv. Mater., 2008, 20, 2044,

195 W. Srituravanich, L. Pan, Y. Wang, C. Sun, D. B. Bogy and
X. Zhang, Nat. Nanotechnol., 2008, 3, 733,

196 Y. Zhou, L. Hu and G. Griiner, Appl. Phys. Letr., 2006, 88, 123109.

197 D. Zhang, K. Ryu, X. Liu, E. Polikarpov, J. Ly, M. E. Tompson and
C. Zhou, Nano Lett., 2006, 6, 1880.

198 F. N. Ishikawa, H.-K. Chang, K. Ryu, P.-C. Chen, A. Badmaev,
L. G. D. Arco, G. Shen and C. Zhou, Nano Lett., 2009, 3, 73.

199 M. Bansal, R. Srivastava, C. Lal, M. N. Kamalasanan and
L. S. Tanwar, Nanoscale, 2009, 1, 317.

200 L. Hu, D. S. Hecht and G. Griner, Chem. Rev., 2010, 110, 5790.

201 D. A. Dikin, S. Stankovich, E. J. Zimney, R. D. Piner,
G. H. B. Dommett, G. Evmenenko, S. T. Nguyen and
R. S. Ruoff, Nature, 2007, 448, 457,

202 A. K. Geim and K. S. Novoselov, Nat. Mater., 2007, 6, 183.

203 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. lJiang,
M. I. Katsnelson, I. V. Grigorieva, S. V. Dubonos and
A. A. Firsov, Nature, 2005, 438, 197.

204 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang,
S. V. Dubonos, 1. V. Grigorieva and A. A. Firsov, Science, 2004,
306, 666.

205 Y. Zhang, Y.-W. Tan, H. L. Stormer and P. Kim, Nature, 2005, 438, 201.

206 S. Pisana, M. Lazzeri, C. Casiraghi, K. S. Novoselov, A. K. Geim,
A. C. Ferrari and F. Mauri, Nat. Marer., 2007, 6, 198.

207 C. Haiqun, B. M. Marc, J. G. Kerry, G. W. Gordon and L. Dan,
Adv. Mater., 2008, 20, 3557.

208 D. Li, M. B. Muller, S. Gilje, R. B. Kaner and G. G. Wallace, Nar.
Nanotechnol., 2008, 3, 101.

209 S. Vivekchand, C. Rout, K. Subrahmanyam, A. Govindaraj and
C. Rao, J. Chem. Sci., 120, (1), p. 9.

210 K. S. Subrahmanyam, S. R. C. Vivekchand, A. Govindaraj and
C. N. R. Rao, J. Mater. Chem.. 2008, 18, 1517.

211 S. Stankovich, D. A. Dikin, R. D. Piner, K. A. Kohlhaas,
A. Kleinhammes, Y. Jia, Y. Wu, S. T. Nguyen and R. S. Rueft,
Carbon, 2007, 45, 1558.

212 Y. Wang, Z.Shi, Y. Huang, Y. Ma, C. Wang, M. Chen and Y. Chen,
J. Phys. Chem. C, 2009, 113, 13103.

213 Y. Hernandez, V. Nicolosi, M. Lotya, F. M. Blighe, Z. Sun, S. De,
I. T. McGovern, B. Holland, M. Byrne, Y. K. Gun’Ko,
J. J. Boland, P. Niraj, G. Duesberg, S. Krishnamurthy,
R. Goodhue, J. Hutchison, V. Scardaci, A. C. Ferrari and
J. N. Coleman, Nat. Nanotechnol., 2008, 3, 563.

214 Y. Wang, Z. Shi, Y. Huang, Y. Ma, C. Wang, M. Chen and Y. Chen,
J. Phys. Chem. C, 2009, 113, 13103.

215 D. Chen, L. Tang and J. Li, Chem. Soc. Rev., 2010, 39, 3157.

216 M. D. Stoller, S. Park, Y. Zhu, J. An and R. S. Ruofl, Nano Lett.,
2008, 8, 3498.

217 D.-W. Wang, F. Li, Z.-S. Wu, W. Ren and H.-M. Cheng,
Electrochem. Commun., 2009, 11, 1729,

218 G. Wang, B. Wang, X. Wang, J. Park, S. Dou, H. Ahn and K. Kim,
J. Mater. Chem., 2009, 19, 8378.

219 S.-M. Pack, E. Yoo and 1. Honma, Nano Lett., 2008, 9, 72.

220 L. Fenghua, J. Song, H. Yang, S. Gang, Q. Zhang, D. Han,
A. Ivaska and L. Niu, Nanotechnology, 2009, 20, 455602.

221 Y. Si and E. T. Samulski, Chem. Mater., 2008, 20, 6792.

222 E. Yoo, J. Kim, E. Hosono, H.-S. Zhou, T. Kudo and I. Honma,
Nano Lert., 2008, 8, 2277.

223 D. Yu and L. Dai, J. Phys. Chem. Lett., 2010, 1, 467,

224 M. Liang and L. Zhi, J. Mater. Chem., 2009, 19, 5871.

225 A. V. Murugan, T. Muraliganth and A. Manthiram, Chem. Mater.,
2009, 21, 5004.

226 D. Wang, D. Choi, J. Li, Z. Yang, Z. Nie, R. Kou, D. Hu, C. Wang,
L. V. Saraf, J. Zhang, 1. A. Aksay and J. Liu, ACS Nano, 2009, 3,
907.

227 H. Wang, H. S. Casalongue, Y. Liang and H. Dai, J. Am. Chem.
Soc., 2010, 132, 7472,

228 S. Chen, J. Zhu, X. Wu, Q. Han and X. Wang, ACS Nano, 2010, 4,
2822,

229 D. Wang, R. Kou, D. Choi, Z. Yang, Z. Nie, J. Li, L. V. Saraf,
D. Hu, J. Zhang, G. L. Graff, J. Liu, M. A. Pope and 1. A. Aksay,
ACS Nano, 2010, 4, 1587.

230 J. K. Lee, K. B. Smith, C. M. Hayner and H. H. Kung, Chem.
Commun., 2010, 46, 2025.

231 Z.-5. Wu, W.Ren, L. Wen, L. Gao, J. Zhao, Z. Chen, G. Zhou, F. Li
and H.-M. Cheng, ACS Nano, 2010, 4, 3187.

232 D.-W, Wang, F. Li, J. Zhao, W. Ren, Z.-G. Chen, J. Tan, Z.-S. Wu,
I. Gentle, G. Q. Lu and H.-M. Cheng, ACS Nano, 2009, 3, 1745.

233 J. Yan, T. Wei, B. Shao, Z. Fan, W. Qian, M. Zhang and F. Wei,
Carbon, 2010, 48, 487.

234 J. Yan, T. Wei, Z. Fan, W. Qian, M. Zhang, X. Shen and F. Wei, .J.
Power Sources, 2010, 195, 3041.

235 H. Wang, Q. Hao, X. Yang, L. Lu and X. Wang, Nanoscale, 2010, 2,
2164.

236 W. Xing, S. Z. Qiao, R. G. Ding, F. Li, G. Q. Lu, Z. F. Yan and
H. M. Cheng, Carbon, 2006, 44, 216.

854 | Nanoscale, 2011, 3, 839-855

This journal is © The Royal Society of Chemistry 2011



Downloaded by NANJING UNIVERSITY on 06 September 2012
Published on 20 January 2011 on http://pubs.rsc.org | doi:10.1039/CONR00594K

View Online

237 D. W. Wang, F. Li, Z. G. Chen, G. Q. Lu and H. M. Cheng, Chem.
Mater., 2008, 20, 7195.

238 K. Xia, Q. Gao, J. Jiang and J. Hu, Carbon, 2008, 46, 1718.

239 M. Tiemann, Chem. Mater., 2008, 20, 961.

240 C.]J. Meyers, S. D. Shah, S. C. Patel, R. M. Sneeringer, C. A. Bessel,
N. R. Dollahon, R. A. Leising and E. S. Takeuchi, J. Phys. Chem. B,
2001, 105, 2143,

241 F.Cheng, Z. Tao, J. Liang and J. Chen, Chem. Mater., 2008, 20, 667.

242 T. Morishita, Y. Soneda, T. Tsumura and M. Inagaki, Carbon, 2006,
44, 2360.

243 C. A. Filho and A. J. Zarbin, Carben, 2006, 44, 2869.

244 D. W. Wang, F. Li, M. Liu, G. Q. Lu and H. M. Cheng, Angew.
Chem., Int. Ed., 2008, 47, 373.

245 Z. Wang, F. Li, N. S. Ergang and A. Stein, Chem. Mater., 2006, 18,
5543,

246 S.-W. Woo, K. Dokko, H. Nakano and K. Kanamura, J. Mater.
Chem., 2008, 18, 1674.

247 Y. Liang, X. Feng, L. Zhi, U. Kolb and K. Miillen, Chem. Commun.,
2009, (7), 809.

248 J. W. Long, B. Dunn, D. R. Rolison and H. S. White, Chem. Rev.,
2004, 104, 4463.

249 L. L. Zhang, S. Li, J. Zhang, P. Guo, J. Zheng and X. S. Zhao,
Chem. Mater., 2010, 22, 1195.

250 S. Zhu, H. Zhou, M. Hibino, I. Honma and M. Ichihara, Adv. Funct.
Mater., 2005, 15, 381.

251 1. Grigoriants, A. Soffer, G. Salitra and D. Aurbach, J. Power
Sources, 2005, 146, 185.

252 L. L. Zhang, T. Wei, W. Wang and X. S. Zhao, Microporous
Mesoporous Mater., 2009, 123, 260,

253 P. H. L. Notten, F. Roozeboom, R. A. H. Niessen and L. Baggetto,
Adv. Mater., 2007, 19, 4564,

254 L. Baggetto, H. C. M. Knoops, R. A. H. Niessen, W. M. M. Kessels
and P. H. L. Notten, J. Mater. Chem., 2010, 20, 3703.

255 W. Lai, C. K. Erdonmez, T. F. Marinis, C. K. Bjune, N. J. Dudney,
F. Xu, R. Wartena and Y.-M. Chiang, Adv. Mater., 2010, 22, E139.

256 J. Chmiola, C. Largeot, P.-L. Taberna, P. Simon and Y. Gogotsi,
Science, 2010, 328, 480.

257 B. Bhushan, Springer Handbook of Nanotechnology, second edition,
Springer, 2007.

258 A. Bushnaina, Nanomanufacturing Handbook, Taylor & Francis
Group, 2006.

259 U. Fischer, R. Saliger, V. Bock, R. Petricevic and J. Fricke, J. Porous
Mater., 1997, 4, 281.

260 H. Probstle, M. Wiener and J. Fricke, J. Porous Mater., 2003, 10,
213.

261 T. Bordjiba, M. Mohamedi and L. H. Dao, Adv. Mater., 2008, 20,
815.

262 X. Feng, Y. Liang, L. Zhi, A. Thomas, D. Wu, 1. Lieberwirth,
U. Kolb and K. Miillen, Adv. Funct. Mater., 2009, 19, 2125.

263 J. Li, Q. M. Yang and L. Zhitomirsky, J. Power Sources, 2008, 185,
1569.

264 J.R. McDonough, J. W. Choi, Y. Yang, F. L. Mantia, Y. Zhang and
Y. Cui, Appl. Phys. Lett., 2009, 95, 243109.

265 W. Sun and X. Chen, Microelectron. Eng., 2009, 86, 1307.

266 W. Sun and X. Chen, J. Power Sources, 2009, 193, 924,

267 J. H. Park, J. M. Ko and O. O. Park, J. Electrochem. Soc., 2003, 150,
AB64.

268 M. S. Hong, S. H. Lee and S. W. Kim, Electrochem. Solid-State
Lett., 2002, 5, A227.

269 T. Brousse, P.-L. Taberna, O. Crosnier, R. Dugas, P. Guillemet,
Y. Scudeller, Y. Zhou, F. Favier, D. Bélanger and P. Simon,
J. Power Sources, 2007, 173, 633.

270 Q. T. Qu, Y. Shi, L. L. Li, W. L. Guo, Y. P. Wu, H. P. Zhang,
S. Y. Guan and R. Holze, Electrochem. Conumun., 2009, 11, 1325.

271 D.-W. Wang, F. Li and H.-M. Cheng, J. Power Sources, 2008, 185,
1563.

272 Y.-G. Wang, L. Yu and Y.-Y. Xia, J. Electrochem. Soc., 2006, 153,
AT43.

273 H. Li, L. Cheng and Y. Xia, Electrochem. Solid-State Lert., 2005, 8,
A433,

274 S.-B. Ma, K.-W. Nam, W.-S. Yoon, X.-Q. Yang, K.-Y. Ahn,
K.-H. Oh and K.-B. Kim, Electrochem. Commun., 2007, 9, 2807.

275 R. Vasanthi, D. Kalpana and N. G. Renganathan, J. Solid State
Electrochem., 2008, 12, 961.

276 X.Hu, Z. Deng, J. Suo and Z. Pan, J. Power Sources, 2009, 187, 635.

277 R. Fong, U. von Sacken and J. R. Dahn, J. Electrochem. Soc., 1990,
137, 2009.

278 Y. Ein-Eli, B. Markovsky, D. Aurbach, Y. Carmeli, H. Yamin and
S. Luski, Electrochim. Acta, 1994, 39, 2559,

279 P. Arora, R. E. White and M. Doyle, J. Electrochem. Soc., 1998, 145,
3647.

280 W. X. Chen, J. Y. Lee and Z. Liu, Electrochem. Commun., 2002, 4,
260.

281 Y. Wang, H. C. Zeng and J. Y. Lee, Adv. Mater., 2006, 18, 645.

282 M. S. Park, G. X. Wang, Y. M. Kang, D. Wexler, S. X. Dou and
H. K. Liu, Angew. Chem., Int. Ed., 2007, 46, 750.

283 C. K. Chan, H. Peng, G. Liu, K. Mcllwrath, X. F. Zhang,
R. A. Huggins and Y. Cui, Nat. Nanotechnol., 2008, 3, 31.

284 C. K. Chan, X. F. Zhang and Y. Cui, Nano Lett., 2008, 8, 307.

285 H. Liu, L.-H. Jin, P. He, C. Wang and Y. Xia, Chem. Commun.,
2009, 6813.

286 Z.Chen, Y. Qin, D. Weng, Q. Xiao, Y. Peng, X. Wang, H. Li, F. Wei
and Y. Lu, Adv. Funct. Mater., 2009, 19, 3420.

287 F. Jiao and P. G. Bruce, 4Adv. Mater., 2007, 19, 657.

288 G. G. Amatucci, F. Badway and A. DuPasquier, ECS Proc., 2000,
99, 344,

289 G. G. Amatucci, F. Badway, A. D. Pasquier and T. Zheng,
J. Electrochem. Soc., 2001, 148, A930.

290 A. D. Pasquier, A. Laforgue, P. Simon, G. G. Amatucci and
J.-F. Fauvarque, J. Electrochem. Soc., 2002, 149, A302.

291 T. Brousse, R. Marchand, P.-L. Taberna and P. Simon, J. Power
Sources, 2006, 158, 571.

292 K. C. Ng, S. Zhang, C. Peng and G. Z. Chen, J. Electrochem. Soc.,
2009, 156, A846.

293 W.-H. Jin, G.-T. Cao and J.-Y. Sun, J. Power Sources, 2008, 175,
686.

This journal is © The Royal Society of Chemistry 2011

Nanoscale, 2011, 3, 839-855 | 855



